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ABSTRACT. 
A summary i s given o f l i t e r a t u r e on causes o f rocket charge,ambient f i e l d s , 
and on probe techniques. 
A v a r i e t y o f techniques are ava i l ab le f o r determining rocket charge, 
represented by a p o t e n t i a l r e l a t i v e to space o f 0 to 10 v o l t s . 
A c y l i n d r i c a l probe charac te r i s t i c , ana lysed by the o l d e r Ehgel and 
Steenbeck methods,was obtained f o r a pulse discharge w i t h a l o v e l e c t r o n 
concentra t ion o f 2 x 10 ' e l e c t r o n s / c . c , i a the author' s experiments. 
She probe sheath was c o l l i s i o n f ree ,and condi t ions f o r such sheaths i n 
the upper atmosphere are given. 
The; p red ic ted ambient f i e l d i s about .02 m?/cm, f i e l d s measured be ing 
.60 mV/cm. (by a probe technique) and 200 V/m (by f i e l d meters) . 
The au thor ' s t e n t a t i v e opin ion i s t h a t the ambient f i e l d might be measured 
by a simultaneous determinat ion o f p o t e n t i a l a t two po in t s us ing probes. 
Laboratory s imula t ion seems t o require a l o v vol tage gradient discharge, 
( p r e f e r a b l y wi th ions and e lec t rons i n thermal e q u i l i b r i u m , ) because two 
probes cannot be placed as close as a Debye l eng th . . 
The contract s p e c i f i c a l l y excluded development o f c i r c u i t r y so a precise 
answer cannot be given,but d e f i n i t e proposals are made. 
I n the experiment, the measured vol tage gradient was about 30 V/cm, which 
seems abnormally h igh a t a discharge current o f about 10*^ amps when 
compared w i t h recent resu l t s , f o r steady glow discharges. 
The explanat ion may reside i n the existence o f s t r i a t i o n s . From the work 
r ecen t ly reported i n a Czechoslovakian j o u r n a l x i t might be argued t ha t the 
probe i s responsible f o e the s t r i a t i o n s . 
Ho ma te r i a l i s included on r e - en t ry physics , nor on the time and space 
v a r i a t i o n s o f e l e c t r i c f i e l d s . A study o f the l a t t e r should be r e l a t e d to a 
precise knowledge o f the rocket motion. 
The: research represents a branch o f Atmospheric E l e c t r i c i t y which had 
not p rev ious ly been studied a t Durham. 
Reference 59. Pekarek and K r e j c i , 1961. 
A STUD! OF METHODS OP MEASUREMENT. OF SHE ELECTRIC CHARGE ON A SOCKET 
AND OF AMBIENT ELECTRIC FIELDS USING PROBE TECHNIQUES. 
INTRODUCTION. 
SECTION I v. SURVEY OF LITERATURE. Page N o . 
Chapter 1* Charged P a r t i c l e s . 4 
Appendix to Chapter 1 : -
Extensions to the Discuaeion o f Charge Mot ion . 20 
Chapter 2 . Conducting F l u i d s . 25 
Chapter 3. Upper Atmosphere. 37 
Chapter 4. E l e c t r i c F i e l d s . 48 
Chapter 5. Probe Theory. 56 
Appendix, t o Chapter 5s-
- The Moving Hemisphere Current Equations. 77 
Chapter 6. Rocket F l i g h t . 80 
SECTION I I . ACCOUNT OF EXPERIMENTS. 95 
Chapter 7. Vacuum Technique. 96 
Chapter 8. Experimental System. 104 
Chapter 9. Theoret ica l Discussion. 107 
Appendix to Chapter 9s -
Note on Sheath C o l l i s i o n s . I l l 
Note on Probe Locat ion. 112 
SECTION I I I . METHODS OF MEASUREMENT. 113 
Chapter 10. Design C r i t e r i a . 11? 
REFERENCES. 
A STUDY OF METHODS OF MEASUREMENT OF THE ELECTRIC CHARGE OH A ROCKET 
AND OF AMBIENT ELECTRIC FIELDS'! USING PROBE TECHNIQUES. 
SUMMARY OF THE THESIS. 
1 . Previous Work. 
2. Experimental System. 
3. Experimental Hesal ts . 
4 . Analys is o f Results . 
5. Laboratory S imula t ion . 
6. Ambient F i e l d s . 
7 i D e f i n i t e Proposals. 
PREVIOUS VJOBK. 
A summary o f Borne of the l i t e r a t u r e r e l a t i n g to the causes o f the e l e c t r i c 
charge on a rocket and o f the ambient e l e c t r i c f i e l d s which i t encounters was 
undertaken. From a reference l i s t supplied by Dr R.L.F.Boyd and o ther mate r ia l 
a summary o f some, o f the l i t e r a t u r e r e l a t i n g to probe techniques was also 
attempted. . These cons t i tu t ed the main p a r t o f the work. 
I t . appears t h a t a v a r i e t y o f techniques are ava i l ab le f o r determining the 
rocket charge,represented by a p o t e n t i a l r e l a t i v e to space o f between 0 and 10 
v o l t s . 
EXPERIMENTAL. STSTES. 
A 2000 v o l t peak pulse was obtained f rom a c i r c u i t w i t h a time constant 
o f 80 seconds and used to break down a 25 cm column o f a i r a t a pressure o f 
• • • 
10 atmospheres. The a i r column sustained a t o t a l vo l tage o f 470 v o l t s . A 
c y l i n d r i c a l tungsten probe o f surface area n/20 cm was placed i n the. mid-point 
o f the column to measure the: p o t e n t i a l there r e l a t i v e to the anode. The 
c h a r a c t e r i s t i c (see f i g u r e 47) was analysed by the o l d e r methods described i n 
Engel and Steenbeck (1932), which are thus , inc identa l ly ,made ava i l ab l e i n 
Eng l i sh . The analys is i s represented by f i g u r e s 51 and 52.^4- _c'^d 
EXPERIMENTAL HBSULTS. 
The p o t e n t i a l a t the mid-poin t o f the column was determined as 128.5 v o l t s * 
-4 / 2 
the current densi ty as 2 x 10 amps/cm |and the e l ec t ron concentrat ion as 
2 x 10 e lec t rons /cc . C o l l i s i o n s do not occur i n the sheath,because the 
percentage i o n i s a t i o n i s twenty times the1 c r i t i c a l value as estimated from a 
formula be l ieved t o be o r i g i n a l . The c r i t i c a l values o f i o n i s a t i o n i n the upper 
atmosphere determined i n the same manner are shown i n f i g u r e 53 which suggests ( . . : 
t ha t c o l l i s i o n s do not occur between about 100 and 400 kms. 
ANALYSIS OF RESULTS. 
Front the r e s u l t s obtained i t appears t h a t the discharge current i s o f the 
order o f 10 T amps and t h a t the f r e e column vol tage gradient i s n e a r l y 30 V/cm. 
4 
An ex t r apo l a t i on over a pressure range: o f 10 , u s ing the appropriate 
proper v a r i a b l e s , o f the f r e e column gradients (10*^ V/cm) quoted by King ( l 9 6 l ) 
f o r a cur ren t o f 10 amps a t atmospheric pressure suggest tha t the measured 
gradient i s abnormally h igh , bu t t h i s may be explained by the e f f e c t s 
associated w i t h the s t r i a t i o n s . ( i n , p o i n t o f f a c t the probe s t ruc tu re may 
have been responsible f o r the existence o f s t r i a t i o n s which occur on ly on the 
anode side o f the probe, although, the p o s i t i v e column extends w e l l towards the 
cathode. Th is hypothesis i s based on the theory o f s t r i a t i o n s given by Pekarek 
and K r e j c i . . . 1961.) 
But even the normal gradients are h igh compared to the minimum measured: 
f i e l d s ob ta in ing i n the Upper Atmosphere. 
Although the matter i s no t discussed elsewhere i n t h i s t f c e s i s , i t i s o f 
i n t e r e s t to record t ha t w i t h h igh currents a s e l f - r o t a t i n g arc was observed. 
This i s apparently a r a r e l y observed, phenomenan,but a study o f i t was,of 
course,qui te outside the scope o f the present work* 
LABORATORY SIMULATION. 
The problem o f s imula t ion i n order to t e s t ambient fieLd^measuring 
equipment seems to rp-sMeoin producing a low vol tage gradient discharge ( i n 
which tile ions and e lec t rons are i n thermal e q u i l i b r i u m ) . This a r i ses as a 
consequence o f the disturbance which probes very near to each other would 
create i n a discharge,and o f the low vol tage gradient which e x i s t s i n the 
ionosphere. The e l e c t r i c f i e l d i n the upper atmosphere has bsen p red ic ted to 
be .02 mV/cm and f i e l d s as low as .60 mV/cm have been measured. 
ABBIENT FIELDS. 
Present work has completely neglected the h igh ambient f i e l d s o f the 
order o f 10,000 V/m associated w i t h the r e - en t ry o f t he rocket i n t o the 
atmosphere. 
F i e l d s o f the order o f 200 V/m as measured w i t h f i e l d , meters on a rocket 
might be measured by a simultaneous determinat ion o f the p o t e n t i a l a t p o i n t s 
o f the order o f 10 meters apart us ing probe techniques. The c h a r a c t e r i s t i c 
obtained by the author as described above shows t h a t an; e r r o r i n the space 
p o t e n t i a l o f 5 v o l t s i s possible i n us ing the c h a r a c t e r i s t i c i t s e l f and the 
curves obtained by Boyd and Tuiddy (1959) show tha t an e r r o r o f 0.1 v o l t s i s 
possible us ing the semilogarithmic p l o t . C lear ly* to d i s t i n g u i s h between, two 
probe cha rac t e r i s t i c s requi res r e f i n e d c i r c u i t r y ( i n the rocket ) and i s not 
poss ib le at the lower value o f f i e l d ob t a in ing i n the Upper Atmosphere. 
DEFINITE PROPOSALS. 
The technique proposed i s a f a m i l i a r one i n space experimentat ion, so 
there i s no need to make a design study apar t f rom the development o f new 
c i r c u i t r y to compare the c h a r a c t e r i s t i c d i f f e r e n t i a l s . E v e n . i f no i n f o r m a t i o n 
i s obtained about ambient f i e l d s , a t r i a l would not be u n p r o f i t a b l e , a s i t 
should b » qu i te easy to arrange; matters so as to ob ta in the i n f o r m a t i o n 
normally ava i l ab l e f rom rocket-borne probes. The cont rac t s p e c i f i c a l l y 
excluded the development o f c i r c u i t r y * However, t h i s branch o f the subject i s 
w e l l developed and the. f i r s t Anglo- American S a t e l l i t e , f o r example,has c i r c u i t s 
f o r measuring the f i r s t and second d e r i v a t i v e s o f the current to a probe. 
IHTRODUCIIOH 
The motion o f charged p a r t i c l e s i s u l t i m a t e l y responsible f o r 
the presence o f e l e c t r i c f i e l d s i n the ionosphere. This motion also 
determines the behaviour o f any device which simulates the upper -
atmosphere, and also the behaviour o f any instrument used to measure 
ionospheric e l e c t r i c f i e l d s . The basic theory concerning charge 
motion i s given f i r s t f o r the case o f a charged p a r t i c l e which i s 
moving i n a un i fo rm magnetic f i e l d but subject to va r ious per tu rba t ions , 
(such as the presence o f an e l e c t r i c f i e l d ) , and then f o r the case o f 
a weakly ion ized gas i n which the motion i s l a r g e l y c o n t r o l l e d by 
-•..collision wi th neu t ra l p a r t i c l e s , and f i n a l l y f o r the case o f a h i g h l y 
i on i zed gas i n which "the motion i s c o n t r o l l e d by; space charge f i e l d s . 
The basic equations f o r macroscopic motion i n a f u l l y ion ized gas are 
shown to be consistent w i t h the idea t ha t e l e c t r i c a l n e u t r a l i t y i s 
preserved f o r a su i table model o f the Atmosphere. 
E l e c t r i c a l l y conducting f l u i d s are discussed broadly i n order 
t o contrast var ious systems which can be obtained i n the. atmosphere 
and l abora to ry . The reason f o r t u r n i n g a t t e n t i o n to, t h i s i s t h a t 
the study o f atmospheric systems w i t h rockets i s f a r more expensive 
than labora tory s tudies , so that ' . ideas and equipment f o r atmospheric 
work must receive preliminary,, t e s t s i n analogous labora tory systems. 
The .va r i a t ion w i t h he igh t o f the mechanical and e l e c t r i c a l p roper t i es 
o f the upper atmosphere are described i n terms o f the AEDC model 
atmosphere. The existence o f the ionosphere i6 explained, and matters 
such as scale he igh t , pene t ra t ion frequency, and the measurement and 
explanat ion o f e l ec t ron p r o f i l e s are discussed. 
Before the advent o f extensive rocket research i n f o r m a t i o n con-
cerning e l e c t r i c f i e l d s i n the upper l ayers o f the atmosphere was 
almost completely l a ck ing . Data on e l e c t r i c f i e l d s was u r g e n t l y 
needed f o r the s o l u t i o n o f many problems, such as the nature o f so la r 
p a r t i c l e s . The theory o f the o r i g i n o f ionospheric e l e c t r i c f i e l d s 
i s presented, and the idea o f an e l e c t r i c current system i n the upper 
atmosphere due to t i d a l movements o f conducting a i r across the e a r t h ' s 
magnetic f i e l d i s described. Graphs are given o f the e l e c t r i c f i e l d 
i n the upper atmosphere computed according to theory . The t o t a l f i e l d 
I s predic ted to be of, the order o f 2 xX&~$ V/m. (See page 55). 
A summary i s given o f the e a r l y work on probe theory , done by 
Langmuir and h i s associates i n the Research Laboratory o f the General 
E l e c t r i c Company at.Schenectady, and o f recent work on probes which 
Boyd and h i s co l l abora to r s have ca r r i ed out a t U n i v e r s i t y College, 
London. The space p o t e n t i a l i s not w e l l def ined because o f the 
disturbance o f the plasma when a probe i s drawing a large e l e c t r o n 
cur ren t , which happens when i t i s near the space p o t e n t i a l . The t rue 
space p o t e n t i a l l i e s p o s i t i v e to the i n f l e x i o n po in t on the cu r r en t -
vol tage c h a r a c t e r i s t i c because o f the probe dis turbance. 
The author acknowledges the valuable help obtained from l e t t e r s , 
discussions and v i s i t s , and conferences. These have made i t possible 
to determine how the ma te r i a l ava i l ab le app l i e s when one turns to the 
task o f making measurements on a rocke t . The e l e c t r i c f i e l d s so f a r 
measured are considerably h ighe r . than those pred ic ted on t h e o r e t i c a l 
grounds. 
So f a r we have only been concerned w i t h a survey o f re levant 
l i t e r a t u r e . Simple experiments have been c a r r i e d out which have l e d 
to a deeper understanding o f t h i s l i t e r a t u r e . Vacuum technique, the 
most preoccupying par t o f the experimental study, i s described i n an 
easy Reference fo rm. The t h e o r e t i c a l d iscuss ion o f the r e s u l t s 
presents the Engel and Steenbeck theory f o r the use oft c y l i n d r i c a l 
probes and appl ies t h i s to the r e s u l t s a t hand. The author has given 
a theory o f sheath c o l l i s i o n s and probe l o c a t i o n i n order to f i l l 
apparent gaps i n the l i t e r a t u r e . 
» 
The conclusions o f the work are presented as a number o f design 
c r i t e r i a f o r the experimental apparatus r equ i red . I t has not been 
possible to make progress beyond t h i s , l a r g e l y because the t op i c o f 
s t u d y . i s a new one to the department where research has been c a r r i e d ' 
ou t . Accordingly* one o f the aims o f t h i s work i s to introduce the 
subject to newcomers. 
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except v/here otherwise indicated. 
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CHAPTER 1. CHARGED PARTICLES. 
THE MOTION OF CHARGED PARTICLES. 
The motion o f charged p a r t i c l e s i s u l t i m a t e l y responsible f o r 
the presence o f e l e c t r i c f i e l d s i n the ionosphere. This motion also 
determines the behaviour o f any device which simulates the upper 
atmosphere, and also the behavic?ur o f any instrument used to measure 
e l e c t r i c f i e l d s i n the ionosphere. Accordingly , the basic theory 
concerning charge motion i s presented i n t h i s chapter. 
I n the case o f a charged p a r t i c l e which i s moving i n a u n i f o r m 
magnetic f i e l d , the path o f motion i s a h e l i x o f constant p i t c h 
around a l i n e o f f o r c e . But there are va r ious pe r tu rba t ions , such 
as the presence o f an e l e c t r i c f i e l d , which cause p a r t i c l e d r i f t s to 
be superimposed on t h i s mot ion . I t i s o f i n t e r e s t t o note t h a t i f 
the magnetic moment i s a constant o f the motion o f the p a r t i c l e i t i s 
poss ible to e x p l a i n , f o r example, the cosmic acce le ra t ion o f charged 
p a r t i c l e s . 
I n a gas which i s p a r t i a l l y i o n i s e d , the motion o f charged 
p a r t i c l e s i s l a r g e l y c o n t r o l l e d by t h e i r c o l l i s i o n s w i t h neu t r a l 
p a r t i c l e s . An e l e c t r i c f i e l d has the e f f e c t o f produoing a d r i f t o f 
the p a r t i c l e s . 
I n f u l l y , o r h i g h l y , i on ized gases the motion i e c o n t r o l l e d by 
space charge f i e l d s . I t i s important to consider the contrapolar 
i o n i c atmosphere about each o f the i ons , and also the un ipo la r charge 
sheaths which develop a t the boundaries o f the gas. 
I f i n any small voiume there i s o v e r a l l e l e c t r i c a l n e u t r a l i t y 
the name plasma i s appl ied to the gas. I n such a plasma c o l l e c t i v e 
i n t e r a c t i o n s are poss ib le , such as the p a r t i c l e d r i f t s we considered a t 
the beginning. The motion o f the p a r t i c l e s i s a l so c o n t r o l l e d by 
mutual Coulomb e l e c t r o s t a t i c f i e l d s . 
4&* 
The basic equations f o r macroscopic motion i n a f u l l y i o n i z e d 
gas are consis tent w i t h the idea t ha t e l e c t r i c a l n e u t r a l i t y i s p r e -
served f o r a su i t ab le model o f the atmosphere. 
The d i s t i n c t i o n between the microscopic d r i f t v e l o c i t i e s o f 
charged p a r t i c l e s and the macroscopic v e l o c i t y used i n these 
equations i s made c lea r . 
1 . CHARGED PARTICLES IH ELECTRIC AHD MAGNETIC FIELDS. 
a. EQUATIONS OF HOTIOH. 
The acce le ra t ion o f a p a r t i c l e o f mass m kgm and charge Ze coulombs 
i n the presence o f an e l e c t r i c f i e l d (E V/n) and magnetic i n d u c t i o n 
(B Wb/m2) i s given (Sp i t ze r , 1956) bya-
m d t 3 •(£ * 3i' * £ ) • • • • Eft 1 1 1 1 ' 1-
where jfc.ie the p a r t i c l e v e l o c i t y i n m/sec. This equation i s i n v e c t o r 
n o t a t i o n . • 
Use i s sometimes made o f an expression f o r the angular frequency 
o f a p a r t i o l e whidh describes a c i r c u l a r path i n a un i fo rm magnetic 
f i e l d . I t may be der ived f rom equation 1 and i s given b y : -
qB/m = ZeB/m '•= w / a . . . . Equn. 2 . 
where Z i s the p a r t i c l e charge i n u n i t s o f the e l e c t r o n charge, e i s 
the charge on an e l e c t r o n , w p i s the component o f the v e l o c i t y j$ a t 
r i g h t angles to B, and a i s the rad ius o f the c i r c u l a r pa th . 
For example, i n a un i form magnetic f i e l d i n the absence o f an 
e l e c t r i c f i e l d , the p a r t i c l e path w i l l be a h e l i x o f constant p i t c h 
around a l i n e o f f o r c e . 
b . PARTICLE.DRIFTS. 
The motion o f a p a r t i c l e may be regarded (Sp i t ze r , 1956) as a 
d r i f t superimposed on the motion i n a h e l i c a l , pa th . P a r t i c l e d r i f t s 
are caused by var ious per turba t ions such as the presence o f an e l e c t r i c 
f i e l d , a s p a t i a l inhomogeneity i n the magnetic f i e l d , o r slow changes 
o f the magnetic f i e l d wi th . t ime. I n the presence o f e l e c t r i c and 
magnetic f i e l d s a p a r t i c l e w i l l c i r c l e about a p o i n t ( c a l l e d the gu id ing 
centre) which i s moving. D r i f t i s the motion o f the gu id ing centre 
transverse to the magnetic, f i e l d . 
An e l e c t r i c f i e l d produces a d r i f t v e l o c i t y w. * E /B where E_ 
" d p p 
i s the component o f E a t r i g h t angles to B. I f B i s thought to come 
out o f the paper w i t h E towards the top o f the page, then the d r i f t 
i s to the r i g h t . For an observer moving a t the v e l o c i t y w^, the e l e c t r i c 
f i e l d has been transformed away. Such a d r i f t does not produce 
separation o f p o s i t i v e f rom negative charge. 
Here there i s only space to s tate the r e s u l t s . The de r iva t i ons 
are given f o r instance i n the f i r s t chapter o f Spi tzer (1956). 
Because we are concerned w i t h charge motion i n the atmosphere, 
we must also consider the d r i f t v e l o c i t y due to a g r a v i t a t i o n a l f i e l d . 
This i s given by w^ - mgp/qB where g^ i s toe component o f the accelera-
t i o n due to g r a v i t y which i s perpendicular to B . The d i r e c t i o n o f the 
d r i f t now changes w i t h the s ign o f the par&ielefe charge, hence there 
i s a separation o f charge. (But see Section 5dt E l e c t r i c a l l y Neu t ra l 
Atmosphere). 
The magnetic f i e l d o f the ear th i s not /uni form, i n e i t h e r t ime o r 
space. A s p a t i a l inhomogeneity i n the magnetic f i e l d means t h a t the 
radius o f curvature changes as the pa r t i c l e , r o t a t e s . The d r i f t caused 
by t h i s produces a charge separat ion. Curvature o f the f i e l d l i n e s 
produces a c e n t r i f u g a l acce le ra t ion and leads t o charge separat ion a l so . 
- - 8 -
c. IEVABIAHTS OP .TEE MOTION.. 
Res t r i c t i ons are placed on equation 1 above i n d e r i v i n g d r i f t 
v e l o c i t i e s * They are equivalent (Post , 1959) t o : ' -
(1) F r a c t i o n a l v a r i a t i o n s i n the magnetic and e l e c t r i c f i e l d s 
: s h a l l - b e small oyer the diameter o f the p a r t i c l e o r b i t . 
( 2 ) The f r a c t i o n a l v a r i a t i o n s s h a l l be small du r ing the 
. r o t a t i o n pe r iod o f the. p a r t i c l e . : 
Under these cond i t ions , not on ly are the expressions f o r d r i f t 
v e l o c i t y t r u e j the magnetic moment: M o f :a p a r t i c l e i s an i n v a r i a n t 
o f i t s mot ion. . The magnetic .moment, does not change i f B changes v i t a 
time, bu t i s un i fo rm throughout space. Hheh B v a r i e s a long "the p a r t i c l e 
path bu t i s constant w i t h t ime a t each p o i n t , H i s again oonstaht. i LL 
d . MAGNETIC HOHENT, 
The magnetic moment o f a current I e n c i r c l i n g an area S equals 
I S . The u n i t o f magnetic moment has not been genera l ly agreed upon, 1 
as some w r i t e r s p r e f e r t o de f ine i t by means o f the equation which 
makes H. the fo rce , vec to r f o r a magnetic dipole. ins tead o f B. . With 
the l a t t e r d e f i n i t i o n the u n i t i s weber-metre. With the d e f i n i t i o n • 
used i n t h i s survey,, the u n i t o f magnetic moment i s ampere-metre . 
For an e l e c t r o n c i r c l i n g i n a magnetic f i e l d , the magnetic moment 
x- H i s given b y i - ' 
H s? na q/Pjj, ^ i°«p7B•: . . . . . Equn. 3. 
K ^, where the only new symbol i s T^ j the p a r t i c l e r o t a t i o n per iod i n a 
magnetic f i e l d given by equation 2 . i t f o l l o w s from t h i s tha t B 
2 
I s p ropo r t i ona l t o v • ; . 
So long as the magnetic moment i s i n v a r i a n t , each charged 
p a r t i c l e i n moving through a v a r y i n g magnetic f i e l d maintains a 
constant f l u x (/B.dS) through i t s h e l i c a l o r b i t c ircle . 
; ' The-' constancy o f the magnetic moment has . the immediate r e s u l t . 
t ha t c i r c l i n g p a r t i c l e s w i l l tefcd to be. r e f l e c t e d from regions o f 
increas ing magnetic f i e l d . . The d e r i v a t i o n o f t h i s r e s u l t i s given 
i n Spi tzer .(1956). 
e. ACCELERATION OF PARTICLESJ 
.;;-All\.iBhljB./.'i8 o f i n t e r e s t p a r t l y because regionS-of ; increas ing c magnet ic 
f i e l d occur , i n the atmosphere o f .the ea r th . / T h i s w i l l be considered 
l a t e r on i n connection w i t h the van A l l e n r a d i a t i o n b e l t s , t h i s survey 
being Intended to inc lude background i n f o r m a t i o n on the e l e c t r i c a l s ta te 
o f the earth '8 atmosphere. The, f o l l o w i n g example (Sp i t zo r , 1956) 
i l l u s t r a t e s the importance of; the conclusion about the behaviour o f 
p a r t i c l e s i n regions o f increas ing magnetic f i e l d . 
The theory o f o r i g i n o f cosmic rays i s concerned w i t h the cosmic 
acce le ra t ion o f charged p a r t i c l e s . The h igh c o n d u c t i v i t y o f ion ized 
gases i n the s ta rs and i n t e r s t e l l a r clouds l i m i t B the value which 
e l e c t r o s t a t i c f i e l d s can have. I f the magnetic f i e l d i n two i n t e r -
s t e l l a r clouds, moving towards each other , i s greater than i n the 
i n t e rven ing reg ion , p a r t i c l e s trapped between these two "magnetic 
m i r r o r s " ga in energy on each r e f l e c t i o n . A l t e r n a t i v e l y charged 
p a r t i c l e s i n space may be accelerated i f the magnetic f i e l d increases ;: 
w i t h t ime . 
2 . HOTION IN PARTIALLY IONIZED GASES. 
a. AVERAGE VELOCITY, PRESSURE AND TEHPERATDRE. 
I n a gas which i s p a r t i a l l y i on i zed , the motion o f charged 
p a r t i c l e s i s l a r g e l y c o n t r o l l e d by t h e i r c o l l i s i o n s w i t h n e u t r a l 
partff ieles. According t o the k i n e t i c theory o f gases a i l the p a r t i c l e s 
are i n . motion and the energy and pressure o f each species o f p a r t i c l e 
can be expressed i n terms o f som£ k i n d o f average v e l o c i t y . 
•10-
Suppose t h a t n i s the number o f p a r t i c l e s per u n i t volume (i .e. per 
cubic metre) . Then we can def ine a "root mean square" v e l o c i t y , (bin/sec) 
f o r the p a r t i c l e s j -
c 2 = J 2 t t i c i 2 Equn. 4 . 
where there are h^ p a r t i c l e s w i t h V e l o c i t y C j . 
The pressure can be expressed i n terms o f t h i s v e l o c i t y : -
1 2 
p = ^ m n c Bqun. 5. 
2' 
The u n i t o f pressure i n t h i s equation i s newton/m. . Atmospheric pressure 
(760 mm. Hg) i s 10 H/m f o r a working va lue . More exac t ly i t i e 
1.06 x 10 5 H /m 2 . 
I f there are (3 + x) degrees o f freedom, the mean energy i n j o u l e s 
o f a p a r t i c l e i s given by:-
(^p)ioc 2 = X 2 ^ - 5 ) ! Equn. 6. 
I t should be noted t h a t the average energy o f a given species o f 
p a r t i c l e can be expressed i n terms o f a k i n e t i c temperature. l ° K . The 
energy E i s expressed i n j o u l e s . For T = 290 K, the energy kT = 4 x 10~ 
j o u l e s , since k = 1.38 x 10~2"* j o u l e s / 0 * . 
b . HAXHE1L'S DISTRIBUTI0H LAW. 
The above r e l a t i o n s are o f great importance i n almost any con-
s ide ra t i on o f the behaviour o f gases. I n general a gas w i l l consis t 
o f a mixture o f enlarged and uncharged specSes o f p a r t i c l e s . For some 
purposes i t i s convenient t o suppose tha t there i s j u s t one species o f 
neu t ra l p a r t i c l e together w i t h i t s p o s i t i v e i o n and e lec t rons . The 
way i n which the v e l o c i t y o f the p a r t i c l e s i s distributed i s also 
a matter of great importance. Quite o f t e n the v e l o c i t i e s o f the 
p a r t i c l e s are e i t h e r known o r assumed to be d i s t r i b u t e d according t o 
Maxwell 's D i s t r i b u t i o n Law (Cobine, 1951)•? ffigure 1 shows t h i s 
1-0 . T© face y«3€ II-
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d i s t r i b u t i o n i n two conven ien t f o r m s . 
Suppose: tha t ; the; v e l o c i t y d i s t r i b u t i o n i s g i v e n b y a f u n c t i o n P (C) 
so t h a t the number d e n s i t y o f p a r t i c l e s w i t h v e l o c i t i e s i n t h e range C 
. t o . { C + dC) i s g i v e n b y : -
dn = n P(C) dC Boon. 7 . 
wnere n i s t he t o t a l number d e n s i t y o f p a r t i c l e s , so t h a t / P ( C ) dC = 1 , 
t a k e n o v e r a l l v e l o c i t i e s . I t i s t h e n p o s s i b l e t o show t h a t t h e average 
v e l o c i t y -e i s g i v e n b y s -
4 n + C , - 2 / ( n h ) * = c (h = m/2kT) Equn. 8 . 
and t h a t « -
c = JSsS/a Equn. 9 . 
F i g B r e 1 sho#s t h e average v e l o c i t y d e f i n e d by e q u a t i o n & , t h e most 
p robab le v e l o c i t y , and the Rsf t .S . v e l o c i t y ( e q u a t i o n 9 ) . 
Because o f e q u a t i o n 9 i t i s customary t o use t h e e x p r e s s i o n s "mean 
v e l o c i t y " and " k i n e t i c t empe ra tu r e " as i f t h e y were synonyms. 
Morse , A l l i s and Lamar ( l 9 3 5 ) » c o n s i d e r i n g t h e m o t i o n o f f r e e 
e l e c t r o n s among t h e atoms o f a gas assume e i t h e r : ( i ) E l e c t r o n s l o s e 
no .ene rgy on c o l l i s i o n w i t h t h e a toms. So a t any p o i n t a l l e l e c t r o n s 
have t h e same energy . T h i s i s v a l i d when t h e e l e c t r o n f r e e p a t h i s 
g r e a t e r t h a n the d imens ions o f t h e a p p a r a t u s . Or ( i i ) t h e e l e c t r o n 
v e l o c i t i e s have a M a x w e l l i a n d i s t r i b u t i o n and t h e d e n s i t y and t empera tu re 
can v a r y f r o m p o i n j f c t o p o i n t . T h i s i s v a l i d when the e l e c t r o n s a re i n 
t empera tu re e q u i l i b r i u m w i t h t h e gas, o r when t h e r e i s a v a i l a b l e some 
-mechanism f o r t r a n s f e r r i n g energy d i r e c t l y f r o m e l e c t r o n t o e l e c t r o n . 
c . KJJUBSEH'S COSINE LA??. 
She t o t a l number o f p a r t i c l e s pe r second t h a t come down, on an a rea 
dS i n t h e s o l i d ang le dj^ i n c l i n e d a t an ang le & t o t h e normal t o t h e 
area dS i s dS n c cos © d j / / 4 n . Hence the t o t a l number o f p a r t i c l e s 
one ~ S 
AMtt a, 1ta ntwwW ^ w . , p . 
coming f r o m one s ide pes second pes u n i t area i s ^ n c . I b i s r e l a t i o n and 
t h e o t h e r e q u a t i o n s deve loped above a r e used i n c h a p t e r 5 o n p r o b e s . 
d . HEAB FREE PATH. 
Where d i s t h e d i a m e t e r o f t h e p a r t i c l e s , t h e mean f r e e p a t h (see 
f i g u r e 2 ) i s given, b y i -
X s i / n a d . . . . . Equan. 10 . 
The random m o t i o n o f a l l the m o l e c u l e s i a a l l o w e d f o r b y u s i n g - = x / ( 2 ) 
An e l e c t r o n t because i t s d i a m e t e r i s n e g l i g i b l e i n comparison. vS8th t h a t o f 
a m o l e c u l e , has a mean f r e e p a t h g i v e n b y X = , 4 X , where X i s d e f i n e d by 
e q u a t i o n 10 . We m i g h t expect i t t o be g i v e n b y X & « 4 * ^ . T h i s l a t t e r 
e x p r e s s i o n i s wrong.because t h e v e l o c i t y o f t h e m o l e c u l e s i s n e g l i g i b l e 
i n compar ison w i t h t h a t . o f t h e e l e c t r o n s , as we s h a l l see i m m e d i a t e l y 
be low. . , 
, e . . . f f l B B O r ' T B A H S p a - a PANICLE COLLISIONS, 
I t i s i m p o r t a n t t o r ecogn i se •%hat t h e average l o s s o f energy b y an 
e l e c t r o n i n an e l a s t i c c o l l i s i o n w i t h a m o l e c u l e i s v e r y s m a l l . T h i s 
e x p l a i n s .why i t i s p o s s i b l e f o r t h e mean t empera tu re and v e l o c i t y ; t o be 
h i g h e r , f o r t h e e l e c t r o n s t h a n f o r t h e gas . 
Cons ider a p a r t i c l e (mass m^, V e l o c i t y u ^ ) c o l l i d i n g w i t h a n o t h e r 
p a r t i c l e (mass m^) at . res t , and subsequen t ly moving o f f w i t h a nev v e l o c i t y 
( G J ) . She v e l o c i t y (Ug) a c q u i r e d b y t h e second p a r t i c l e (mass m £ ) i s 
g i v e n b y » -
6* a ^ 2 ^ 2 * •'• ^ * l " - 2 ^ * L * m 2 ^ E q U n * 1 1 ' 
. , 2 • where V - •JflttjU^ . T h i s i s d e r i v e d f r o m t h e c o n s e r v a t i o n o f energy and 
momentum e q u a t i o n s . I f m^ r e f e r s t o an e l e c t r o n , aig t o a m o l e c u l e , t h e n 
the f r a c t i o n a l l o s s o f energy d $ / t i s seen t o be s m a l l . 
f . COLLISION CROSS SECTIONS; 
I f t h e r e a r e n p a r t i c l e s p e r u n i t vo lume , each o f c r o s s s e c t i o n a l 
2 
area nd t h e n : -
- 1 3 -
I x = I 0 exp ( - / x ) , / = and / 4 Equn. 1 2 . 
where I Q 1B t h e i n c i d e n t p a r t i c l e i n t e n s i t y p e r u n i t a r e a , 1 ^ t h e i n t e n s i t y 
a f t 4 r a d i s t a n c e x , / t h e a b s o r p t i o n c o e f f i c i e n t (Tovnsend, 1 9 4 7 ) . 
The p r o b a b i l i t y ( p ) o f making a c o l l i s i o n i n u n i t d i s t a n c e would be 
nnd / 4 i f t he p a r t i c l e s were so t e n u o u s l y d i s t r i b u t e d t h a t each c o l l i s i o n 
made no d i f f e r e n c e t o the o t h e r s . The number o f c o l l i s i o n s made by a 
p a r t i c l e pe r metre i s P = nnd / 4 = 1/A^I u s i n g e q u a t i o n 1 0 . T h i s p r o v i d e s 
an a l t e r n a t i v e approach t o the concept o f mean f r e e p a t h . 
Suppose Q(C ) i s t h e c o l l i s i o n c ros s s e c t i o n a l area f o r e l e c t r o n s 
Q' 
h a v i n g a v e l o c i t y C . Q has a minimum a t some low e l e c t r o n energy . L e t 
n be the e l e c t r o n c o n c e n t r a t i o n , f the e l e c t r o n c o l l i s i o n f r e q u e n c y , 
e; e 
n f f i t he number o f heavy p a r t i c l e s , and l e t t he number o f e l e c t r o n s w i t h 
v e l o c i t i e s i n t h e range C t o C • dC be n_F(G )dC . T h e n t -
e e1 6: a e- &• 
n e f e • C e d C e . . . . . Equn. 1 3 . 
Exper iments on t h e d r i f t v e l o c i t y o f e l e c t r o n c louds i n a i r u n d e r weak 
e l e c t r i c f i e l d s a t ene rg i e s between V 3 0 e ¥ and * / 3 ©V g i v e f . 
6 
5 
f = 8 . 7 x 1 0 p c o l l i s i o n s p e r second, where p i s the p re s su re 
2 
i n nevrtons/m . 
g . MOBILITY OF IONS I N AN ELECTRIC FIELD. 
An e l e c t r i c f i e l d produces a d r i f t o f p a r t i c l e s i n a p a r t i a l l y 
i o n i z e d gas . The average t i m e between c o l l i s i o n s i s g i v e n by \ / c . The 
average, v e l o c i t y a c q u i r e d i n t h e presence o f an e l e c t r i c f i e l d i s 
^eEx/mc. The m o b i l i t y IT i s d e f i n e d so t h a t , (Townsend, 1 9 4 7 ) * -
U = £ e \ / m c ( m e t r e s / s e c ) / ( v o l t s / m e t r e ) Equn. 1 4 . 
h . DIFFUSION. 
P a r t i c l e s may be l o s t f r o m a r e g i o n by t h e process o f d i f f u s i o n 
(Oskam, 1 9 5 7 ) . There must be a g r a d i e n t o f c o n c e n t r a t i o n , Vn. Consider 
d i f f u s i o n i n one d i r e c t i o n ( x ) . The d i f f u s i o n l e n g t h ( L m e t r e s ) i s 
d e f i n e d b y t -
dn = n _ , _ 
dx* I E q u n ' 1 5 ' 
• 1 4 -
The d i f f u s i o n c o e f f i c i e n t (D m / s e c ) I s d e f i n e d b y t -
-n~dx/dt-~•=• - D dn /dx • . . i . . . . Equn, 16, 
^ e r e d x / d t i s t he d i f f u s i o n v e l o c i t y . 
Tne v a r i a t i o n o f c o n c e n t r a t i o n w i t h t i m e i s g i v e n b y t -
d n / d t ' = - D h / L 2 Equn. i f f . 
The n e t f o r c e on one p a r t i c l e g i v i n g r i s e t o d i f f u s i o n may be denoted 
b y F* I f t h e c o l l i s i o n f r e q u e n c y i e f f , t h e t i m e between c o l l i s i o n s i s 
l / f . Hence, d x / d t = £ p / m f . B u t d x / d t » f x . . . Combining these we h a v e : -
d x / d t a (xP /2m)^ Equn. I S . 
So t h e d i f f u s i o n v e l o c i t y o f the e l e c t r o n s i s l a r g e compared t o t h a t o f 
the i o n s on account o f t h e i r V e r y d i f f e r e n t tmasses. The e l e c t r o n s w i l l 
t h e r e f o r e b u i l d up a n e g a t i v e space charge i n the o u t e r p a r t s , and w i l l 
l eave a p o s i t i v e space charge i n the i n n e r p a r t s o f t h e i o n i z e d gas . I n 
t h e case o f v e r y l o v charge d e n s i t i e s , t h i s space charge i s s m a l l : i t s 
' i n f l u e n c e d i i t h e m o t i o n o f t he charged p a r t i c l e s £ a a t hen be d i s r e g a r d e d , 
so as t o have e l e c t r o n s and i o n s moving b y pure d i f f u s i o n . The f r e e 
d i f f u s i o n r e l a t i o n s above t h e n h o l d . 
E q u a t i o n 16 can be p u t i n t h i s f o r m s -
d z / d t * - D / n . d n / d x « | i F / n f . . . . . Equn. 19 . 
T h i s e q u a t i o n i s used i n the c h a p t e r on the Upper At&OBphere. (See page 44) . 
Another p o i n t t o n o t e about £ b e e d i f f u s i o n i s t h a t a magne t i c f i e l d 
l a r g e l y p r e v e n t s d i f f u s i o n ac ross t h e l i n e s o f f o r c e . 
D i f f u s i o n can be checked by t h e use o f h e l i u m a t a c o m p a r a t i v e l y 
l a r g e p r e s su re as a p a s s i v e r e c o i l a g e n t . 
3 . HOTIOH I N HIGHLY IONIZED GASES. 
a . DEBTS LENGTH. 
I n t h j s case o f h i g h charge d e n s i t i e s f r e e d i f f u s i o n i s p r even t ed 
.15* 
b y f i e l d s due t o the space charges (Oskam, 1 9 5 7 ) . The n e t f i e l d s b u i l t 
up w i l l r e t a r d the e l e c t r o n d i f f u s i o n , b u t w i l l a cce l e r a t e , t h e p o s i t i v e 
i o n d i f f u s i o n u n t i l t h e e l e c t r o n s and i o n s move w i t h one and the same 
average v e l o c i t y . Under these c i r cums tances t h e d i f f e r e n c e o f t h e 
d e n s i t i e s o f the charged c a r r i e r s o f o p p o s i t e s i g n c a u s i n g t h e space 
charge f i e l d s i s s m a l l compared t o t h e d e n s i t y o f each i n d i v i d u a l charge 
c a r r i e r : t h e plasma i s s a i d t o be ^ q u a s i - n e u t r a l n . T h i s d i f f u s i o n 
i n f l u e n c e d b y space charge i s c a l l e d "ambipo la r d i f f u s i o n " and the 
d i f f u s i o n c o e f f i c i e n t denoted b y D ^ * For a m i x t u r e o f e l e c t r o n s and 
p o s i t i v e i o n s D 1 2 = 2D + s ince t h e average mass i s -§m + . 
I n an e l e c t r o l y t e , t h e ^ ' d r i f t o f i o n s i s opposed b y an asymmetr ic 
" i o n i c atmosphere 1*. S i m i l a r l y , i n gases t h e f i e l d o f a s t a t i o n a r y i o n 
i s p r o p o r t i o n a l t o e x p ( - r / j ^ ) . T h i s i s t h e e f f e c t o f s h & d l d i h g by c o n -
t r a p o l a r i o n s , wh ich reduce the f i e l d by ( l / e ) i n a d i s t a n c e r = X^ . 
I f t h e dimensions o f the v e s s e l c o n t a i n i n g t h e gas a r e much g r e a t e r 
. than X j j , c a l l e d the Debye l e n g t h , t h e n t h e i o n s h o l d t h e i r s h i e l d i n g 
e l e c t r o n s , the d i f f u s i o n i s a m b i p o l a r , and the gas i s c a l l e d a plasma. 
I f t h e d imens ions a re much l e s s t h a n t h i s c r i t i c a l l e n g t h , t h e d i f f u s i o n 
i s f r e e . 
The Sebye l e n g t h can be d e f i n e d ( A l l i s , 1956) i a t e rms o f d i f f u s i o n 
and m o b i l i t y c o e f f i c i e n t s : -
XD = tyP^V^JP * Bqttn' 20*-
The r a t i o n D/fa i s o f t h e o r d e r k ? / e . ( T h i s i s c o n s i s t e n t w i t h p a r a . 2g 
and 2 h ) . Hence t h e Sebye l e n g t h i s : -
^ » <i p k)^/e ac ( T e / n e ) ^ Equn. 2 1 . 
, -12 vhere B_ = 8 . 8 5 x 10~ f a r a d / m e t r e and n_ i s t h e e l e c t i o n c o n c e n t r a t i o n 
( m e t r e s ) . A w o r k i n g f o r m u l a i s \ j = 69*0 ( $ e / & e ) m e t r e s . 
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A l t h o u g h the p r e c i s e a p p l i c a b i l i t y t o an i o n i z e d gas o f Debys ' s 
r e s u l t ' , wh ich was d e r i v e d f o r e l e c t r o l y t e s * i s open t o q u e s t i o n , t h e 
Debye s h i e l d i n g d i s t a n c e X ^ i s c l e a r l y a measure o f t h e d i s t a n c e o v e r 
wh ich n can d e v i a t e a p p r e c i a b l y f r o m Z n . , unde r c o n d i t i o n s where t h e 
e l e c t r i c a l p o t e n t i a l e n e r g y p e r e l e c t r o n does n o t exceed t h e mean 
t h e r m a l ene rgy . I f , i n a d i s t a n c e XQ, t h e p o t e n t i a l energy 9 o f an 
e l e c t r o n changes by an amount £kT» t hen P o i s s o n ' s e q u a t i o n l e a d s t o 
t h e r e s u l t : -
which i s c o n s i s t e n t w i t h e q u a t i o n 21 ( S p i t z e r , 1956 ) . 
b . PLASMAS.(LOTfl PRESSURE). 
I n a plasma t h e r e a re h i g h , a p p r o x i m a t e l y e q u a l , c o n c e n t r a t i o n s 
o f p o s i t i v e and n e g a t i v e charge . The n e g a t i v e c a r r i e r s a r e a c t u a l l y 
e l e c t r o n s as n e g a t i v e i o n s q u i c k l y recombine. The e l e c t r o n t empera tu re 
i s g r e a t e r t h a n the p o s i t i v e i o n t empe ra tu r e , wh ich i s i n t u r n g r e a t e r 
t h a n t h e gas t e m p e r a t u r e . I o n and e l e c t r o n v e l o c i t i e s a r e o f t e n 
assumed t o have a H a x w e l l i a n d i s t r i b u t i o n . The a c t u a l d i s t r i b u t i o n can 
be f o u n d u s i n g probes (see c h a p t e r 5, paragraph 2 s ) . I f an e l e c t r i c 
f i e l d i s a p p l i e d t o a plasma, a d r i f t c u r r e n t d e n s i t y i s o b t a i n e d which 
i s v e r y much l e s s t h a n t h e random c u r r e n t d e n s i t y . I n o t h e r words, t h e 
p o s i t i v e i o n t empera tu re^ and e l e c t r o n t empera tu re i n c r e a s e , b u t the 
shape o f t h e v e l o c i t y d i s t r i b u t i o n i s n o t a l t e r e d . The e l e c t r o n temp-
e r a t u r e i n c r e a s e s more t h an the i o n t empera tu re because o f t h e g r e a t e r 
e l e c t r o n m o b i l i t y . There i s l i t t l e t r a n s f e r o f energy f r o m t h e e l e c t r o n s 
because o f t h e i r s m a l l mass. The p o s i t i v e i o n s do i n c r e a s e t h e gas 
t e m p e r a t u r e . The i o n i z a t i o n o f a plasma can be m a i n t a i n e d by e l e c t r o n 
c o l l i s i o n s and b y p h o t o i o n i z a t i o n . The average m i c r o e l e c t r i c f i e l d 
due t o a p a r t i c l e ( w h i c h would o f course be reduced b y space charge 
e f f e c t s ) i s s e v e r a l t i m e s t h e f i e l d r e q u i r e d t o m a i n t a i n t h e plasma 
(Cobine , 1 9 4 1 ) . 
dW = e 
2 * 
= £ k T 
-17. 
c . PARTICULATE PROCESSES. 
I n a h i g h tempera ture plasma ( k i n e t i c t empera tu re s o f i(P°K) t h e r e 
a r e a l l t h e f o l l o w i n g processes t a k i n g p l ace ( P o s t , 1959)• There a re 
c o l l e c t i v e i n t e r a c t i o n s - p a r t i c l e d r i f t s (pa rag raph l b o f t h i s c h a p t e r ) 
unde r e l e c t r i c , magne t i c , and g r a v i t a t i o n a l f i e l d s : and t h e r e a re p a r t i c u l a t e 
p roce s se s , ! These p a r t i c u l a t e processes i n c l u d e i o n i z a t i o n ( c o l l i s i o n s 
between e l e c t r o n s and n e u t r a l ' a t o m s ) : charge 'exchange ( i o n s c a p t u r i n g 
e l e c t r o n s f r o m n e u t r a l a t o m s ) : and c o o l i n g mechanisms (such as i n e l a s t i c 
c o l l i s i o n s o f e l e c t r o n s w i t h n u c l e i and e x c i t a t i o n r a d i a t i o n ) : and 
Coulomb c o l l i s i o n s . I t i s proposed t o d i s c u s s on ly , t h e l a s t o f t h e s e . 
I t i s conven i en t t o suppose t h a t a p a r t i c l e i s surrounded by a sphere 
o f r a d i u s X^, and t o c a l l t h i s the Debye sphere . The e l a s t i c s c a t t e r i n g 
a r i s i n g f r o m t h e mutua l Coulomb e l e c t r o s t a t i c f i e l d s o f the charged 
p a r t i c l e s l eads t o a d e f l e c t i o n : . o f t h e p a r t i c l e s and t o an exchange o f 
e n e r g y . " T h i s d e t e r mines t h e b a s i c r a t e o f a l l c o l l i s i o n a l t r a n s p o r t 
p rocesses . C o l l e c t i v e i n t e r a c t i o n s t ake p l a c e w i t h p a r t i c l e s l y i n g o u t s i d e 
the Debye sphere, w h i l e v e r y c l o s e c o l l i s i o n s l e a d t o l a r g e d i s c o n t i n u o u s 
d e f l e c t i o n s o r energy exchanges. 
I n t h e i n t e r m e d i a t e r e g i o n , d e f l e c t i o n o r energy exchange i s a 
con t i nuous p rocess a r i s i n g f r o m t h e i n t e g r a t e d e f f e c t o f s m a l l b u t 
u n c o r r e l a t e d " c o l l i s i o n s ' * w i t h t h e many p a r t i c l e s which a re " d i s t a n t " , , : 
b u t v i t h i n t h e c h a r a c t e r i s t i c d i s t a n c e \ p . These d i s t a n t c o l l i s i o n s a r e 
an o r d e r o f magnitude more i m p o r t a n t t h a n c l o s e c o l l i s i o n s i n p r o d u c i n g 
d e f l e c t i o n s between p a r t i c l e s o f equa l mass. I t i s one o f t h e weaknesses 
o f p r e s e n t plasma t h e o r y t h a t i t t r e a t s t h e c o l l i s t o n a l i n t e r a c t i o n s 
between a g i v e n charged p a r t i c l e and each o f i t s many ne ighbour s v i t h i n 
a Debye sphere as sepa ra te , u n c o r r e l a t e d "even t s " , even though many such 
even t s may be o c c u r r i n g s i m u l t a n e o u s l y . I t i s f o r t h i s reason t h a t t h e 
number o f p a r t i c l e s v i t h i n a Debye sphere i s o f i n t e r e s t . 
I n a d d i t i o n t o encounte r s between l i k e p a r t i c l e s , t h e e l e c t r o n s o f 
a plasma can s u b s t a n t i a l l y i n f l u e n c e the energy o f plasma i o n s by 
c o l l i s i o n a l i n t e r a c t i o n s , because o f t h e i r g r e a t e r m o b i l i t y . 
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d . ELECTRICALLY NEUTRAL AIMOSPHEEE. 
Dynamical e q u a t i o n s f o r average v e l o c i t y and c u r r e n t , v and ^ ( d e f i n e d 
b e l o w ) , can be w r i t t e n , t h e t e rms o f wh ich have t h e dimensions newtons / 
- • • • . , . 
c u b i c m e t r e . I f v does n o t v a r y w i t h t i m e we h a v e s -
( £ x j * ) - g r a d p - ( d g r ad ( j ) = 0 . . . . . Equiu .22. 
where p = s c a l a r p r e s s u r e : d = d e n s i t y = n + m^ + n e m Q * & = g r a v i t a t i o n a l 
p o t e n t i a l : A = e ( n , Z v . - n v : ) . I f A does n o t v a r y w i t h t i m e we h a v e : -
( e n ^ ) • ( * n Q v . x B ) + ( g r a d P < j ) * ( £ x B) - ( P ^ ) = 0 
Equn. 23. 
where P ^ . r e p r e s e n t s t h e r a t e a t w h i c h momentum i s t r a n s f e r r e d t o i o n s 
b y c o l l i s i o n s w i t h e l e c t r o n s and i s i n t h e same d i r e c t i o n as j , : - v = 
( n ^ m + v 4 • n e m e v e ) / d J P e » P + = e l e c t r o n , p o s i t i v e i o n p a r t i a l p r e s s u r e . 
(See S p l t z e r , 1956 ) . 
I n those s i t u a t i o n s where an e l e c t r i c a l f i e l d may e x i s t i n a p lasma, 
d e v i a t i o n s f r o m e l e c t r i c a l n e u t r a l i t y must be cons ide red when u s i n g 
Poissoh* s l a w , b u t may be i g n o r e d i n these e q u a t i o n s . F o r e l e c t r i c a l 
n e u t r a l i t y , en Z = en. . So n / n = Z . For an i s o t h e r m a l atmosphere 
w i t h T » i f p-/p »• z. U s i n g t h i s r e l a t i o n , t h e two e q u a t i o n s may be 
combined t o g i v e : -
eB = z % g r ad G • £ ^ £ / n e E<l"n- 24 . 
W i t h s u i t a b l e boundary c o n d i t i o n s a t t h e t o p o f t h e a tmosphere, no 
c u r r e n t can f l o w v e r t i c a l l y . The v e r t i c a l e l e c t r i c a l f i e l d cance l s a 
f r a c t i o n z / ( l + Z) o f the g r a v i t a t i o n a l f o r c e on t h e p o s i t i v e i o n s , and 
p r o v i d e s a f o r c e v e r t i c a l l y downwards-on each e l e c t r o n J u s t equa l t o 
the n e t downward f o r c e on the p o s i t i v e i o n s . I n t h i s way e l e c t r i c a l 
n e u t r a l i t y i n the atmosphere i s p r e s e r v e d , a p a r t f r o m t h e m i n u t d space 
charge needed t o produce t h e e l e c t r o s t a t i c f i e l d . 
Titers may be c o n f u s i o n between macro ( v ) and m i c r o ( w ^ ) v e l o c i t i e s 
v i s the mean v e l o c i t y o f a l l t h e p a r t i c l e s which a r e l o c a t e d i n a 
volume e lement , r e g a r d l e s s o f where t h e i r g u i d i n g c e n t r e s a r e l o c a t e d . 
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APPENDIX TO CHAPTER 1 
EXTENSIONS TO THE DISCUSSION OF CHARGE MOTION. 
M o t i o n o f a p a r t i c l e 
E l e c t r i c a l n e u t r a l i t y 
Bol tzmann e q u a t i o n 
S t r e s s t e n s o r 
. Macroscopic m o t i o n 
Hjynamical equa t i ons 
E l e c t r o m a g n e t i c f i e l d 
L i n e s o f f o r c e 
P i n c h e f f e c t 
E l e c t r o m a g n e t i c waves 
fiydromagnetic waves 
E l e c t r o s t a t i c waves 
P a r t i c l e encounte r s 
N o n - e q u i l i b r i u m 
T h i s append ix , based on S p i t z e r ( 1 9 5 6 ) , c o n t a i n s m a t e r i a l wh ich i s 
n o t used i n subsequent c h a p t e r s . I t i s i n c l u d e d i n accordance w i t h a 
g e n e r a l a im o f t h i s work - t o p r o v i d e an i n t r o d u c t i o n f o r newcomers i n 
t h i s f i e l d o f r e s e a r c h . 
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APPEHDIX TO CHAPTER 1 
EXTEiJSIOBS TO THE DISCOSSIOS OF CHARGE MOTION. 
HOT!OM OP A PARTICLE.. 
The m o t i o n o f i n d i v i d u a l charged p a r t i c l e s under g i v e n e x t e r n a l 
f i e l d s f r e q u e n t l y g i v e s some i n s i g h t i n t o t h e b e h a v i o u r o f an i o n i z e d 
gas. However, i n t h e presence o f a magnet ic f i e l d t h e r e l a t i o n s h i p 
between the c u r r e n t d e n s i t y and the p a r t i c l e v e l o c i t i e s i s n o t s imple* 
Moreover , a d i s t r i b u t i o n o f p a r t i c l e v e l o c i t i e s must be t a k e n i n t o 
accoun t . 
ELECTRICAL NEUTRALITY. 
A plasma t e n d s . t o w a r d s e l e c t r i c a l n e u t r a l i t y because i t cannot 
n o r m a l l y s u p p o r t an e l e c t r i c p o t e n t i a l energy p e r p a r t i c l e much g r e a t e r 
t h a n t h e mean t h e r m a l ene rgy . 
KINETIC THEORY OF GASES. 
The d e n s i t y o f p a r t i c l e s i n phaBe space changes w i t h t i m e a l o n g 
a t r a j e c t o r y e n t i r e l y as a r e s u l t o f c o l l i s i o n s among t h e p a r t i c l e s . 
STRESS TENSOR.' 
The p a r t i c l e v e l o c i t y may be r ega rded as a random v e l o c i t y super-
imposed on a mean v e l o c i t y . The random v e l o c i t y g i v e s r i s e t o a s c a l a r 
p r e s s u r e , ( i n t h e absence o f c o l l i s i o n s , compression o f the gas i n one 
d i r e c t i o n may inc rease the r o o t mean square random v e l o c i t y i n t h a t 
d i r e c t i o n w i t h o u t a f f e c t i n g t h e c o r r e s p o n d i n g v e l o c i t i e s i n t h e o t h e r 
xr two d i r e c t i o n s . Thus t h e p ressu re has d i f f e r e n t v a l u e s i n d i f f e r e n t 
d i r e c t i o n s . Shear ing s t r e s s e s a r i s e i n a v i s c o u s gas , b u t t h e v i s c o s i t y 
o f a f u l l y i o n i z e d gas i s seldom i m p o r t a n t ) . 
MACROSCOPIC HOTIOH. 
The macroscopic q u a n t i t i e s , c u r r e n t d e n s i t y and mean v e l o c i t y , a re 
de te rmined b y t h e t r a n s f e r e q u a t i o n s o f the k i n e t i c t h e o r y o f gases. 
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DYHAHICAL SQUAMOUS. 
S p i t z e r (195S) has g i v e n t v o g e n e r a l dynamica l e q u a t i o n s f o r 
macroscopic m o t i o n ( - h i s e q u a t i o n s 2 - 1 1 , and 2 - 1 2 ) . 
The f i r s t r e l a t e s macroscopic a c c e l e r a t i o n t o magnet ic i n d u c t i o n , 
p r e s s u r e , and g r a v i t a t i o n a l p o t e n t i a l t e r m s . 
The second, a g e n e r a l i z e d Ohm's Lav , r e l a t e s t h e t i m e v a r i a t i o n 
o f c u r r e n t d e n s i t y t o e l e c t r i c f i e l d , e l e c t r o m a g n e t i c i n d u c t i o n , e l e c t r o n 
p r e s su re , back e ? m , f , , and i o n t o e l e c t r o n momentum t r a n s f e r t e r m s . 
ELECTROMAGNETIC FIELD. | 
1 
A plasma i s a d i amagne t i c medium. The a c t u a l magnet ic f i e l d i n s i d e 
t h e gas may d i f f e r f r o m t h e o f i e l d produced b y e x t e r n a l c u r r e n t s . Since 
the p e r m e a b i l i t y - i s n o t a v e r y u s e f u l concept f o r plmmas i t seems d e s i r a b l e 
t o t r e a t a l l plasma c u r r e n t s e x p l i c i t l y . 
LIHES OF FORCE. 
Cons ider the m o t i o n o f m a t e r i a l a c ros s t h e / l i n o s o f f o r c e . The l i n e s 
o f f o r c e v i t h i n a p e r f e c t l y c o n d u c t i n g gas t e n d t o be " f r o s e n i n " t h e 
m a t e r i a l . The magne t ic f l u x t h r o u g h any c l o s e d c o n t o u r , each e lement 
o f wh ich moves wbh t h e l o c a l mean gas v e l o c i t y , t ends t o remain c o n s t a n t . 
PINCH EFFECT. 
Cons ider a c y l i n d e r o f plasma i n wh ich an e l e c t r i c c u j r r e n t f l o w s 
p a r a l l e l t o t h e c y l i n d e r a x i s . The magne t ic p i n c h e f f e c t i B e x p l a i n e d 
by assuming t h a t the c u r r e n t i s s t r o n g enough so t h a t t h e r e s u l t a n t 
magne t ic f i e l d w i l l c o n f i n e t h e i o n i z e d gas v i t h i n a f i n i t e c r o s s s e c t i o n . 
ELECTROHAGKETIC WAVES. 
E l e c t r o m a g n e t i c waves may be d e s c r i b e d as f o l l o w s . Suppose E i e 
p e r p e n d i c u l a r t o t h e wave f r o n t . Then t h e e l e c t r o n s i n a plasma i n t e r f e r e 
w i t h these t r a n s v e r s e waves, and i n c r e a s e the wave v e l o c i t y . I f t h e 
e l e c t r o n d e n s i t y exceeds a c r i t i c a l v a l u e , which i n c r e a s e s w i t h i n c r e a s i n g 
f r e q u e n c y , e l e c t r o m a g n e t i c waves cannot propagate t h r o u g h t h e plasma 
u n l e s s a magnet ic f i e l d i s p r e s e n t . 
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HYDRQELAGNETIC WAVES. 
These appear o n l y I n t h e presence Of a magne t ic f i e l d , and t h e n 
o n l y f o r f r e q u e n c i e s s m a l l compared w i t h t h e c y c l o t r o n f r e q u e n c y o f 
.:the p o s i t i v e i o n s . The p o s i t i v e i o n s p r o v i d e the i n e r t i a o f the 
o s c i l l a t i o n , w h i l e the r e s t o r i n g f o r c e s a r e l a r g e l y magne t i c . The 
o s c i l l a t i o n s may be regarded as waves i n t h e l i n e s o f f o r c e , which 
behave as s t r e t c h e d stringB and which a re " l oaded" w i t h t h e charged 
p a r t i c l e s * 
ELECTROSTATIC WAVES. 
I f E and j . a r e p a r a l l e l t o t h e d i r e c t i o n o f p r o p a g a t i o n , e l e c t r o -
s t a t i c r e s t o r i n g f o r c e s a r e p r e s e n t . These l o n g i t u d i n a l waves a r e 
c a l l e d e l e c t r o s t a t i c waves. I n e l e c t r o n o s c i l l a t i o n s o f t h i s t y p e 
t h e f r e q u e n c y i s so g r e a t t h a t t h e p o s i t i v e i o n s a r e u n a f f e c t e d . I n 
p o s i t i v e i o n o s c i l l a t i o n s the f r e q u ency i s so low t h a t t h e e l e c t r o n s 
a re d i s t r i b u t e d a t each t ime i n accordance w i t h the e q u i l i b r i u m Bol tzmann 
f o r m u l a . 
PARTICLE ENCOUNTERS. 
To ana lyse n o n - e q u i l i b r i u m phenomena a q u a n t i t a t i v e s tudy o f 
' c o l l i s i o n s i s necessary . E l e c t r o s t a t i c f o r c e s between p a r t i c l e s have 
a much l o n g e r range t han t h e f o r c e s between n e u t r a l a toms . The t i m e 
i n t e r v a l between " c l o s e " c o l l i s i o n s g i v e s a mean f r e e p a t h t o o e m _ a l l 
b y more t h a n an o r d e r o f magn i tude . The " t ime o f r e l a x a t i o n " i s a 
t e rm f r e q u e n t l y used t o denote t h e t ime i n w h i c h c o l l i s i o n s produee a 
l a r g e a l t e r n a t i o n i n some o r i g i n a l v e l o c i t y d i s t r i b u t i o n . 
ABSENCE OF EQUILIBRIUM. . -
The f o l l o w i n g problems a r i s e i n the absence o f e q u i l i b r i u m . .. 
( a ) I n a gas f a r f r o m e q u i l i b r i u m , a t what r a t e i s e q u i l i b r i u m approached? 
T h i s a p p l i e s t o a beam o f p a r t i c l e s p a s s i n g t h r o u g h a plasma, o r t o a 
case i n wh ich e l e c t r o n and i o n t empera tu res a re g r a d u a l l y app roach ing 
each o t h e r , ( b ) I s t h e r e a s teady n o n - e q u i l i b r i u m s t a t e? T h i s a p p l i e s 
2 4 -
t o a f l o w o f c u r r e n t , o r t o t r a n s p o r t o f h e a t ac ross t h e gas . Hence 
we must c o n s i d e r t r a n s p o r t c o e f f i c i e n t s ( r e s i s t i v i t y and t h e r m a l 
c o n d u c t i v i t y ) - . 
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I ; The Direct Current Characteristic 
2. The Col l is ion Free Region > 27 
3* The Tovnsend Process . ' 28 
4i The Breakdown Process 29 
5* The- Glow Discharge Region 30 
6. The Positive Column 31 
7 / Similar Discharge Tubes 31 
8. The Striated Column 32 
9* The Arc Discharge 33 
10. Breakdown Processes 33 
11*. Decaying Plasmas ' • 35 
12. Some Conclusions 35 
13* The Solar Plasma 35 
-26-
CHAPTER 2. CONDUCTING FLUIDS. 
INTRODUCTION. 
The purpose of t h i s chapter i s to consider d i f f e r e n t types of 
e l ec t r i ca l ly conducting f l u i d , and to suggest contrasts between 
atmospheric and laboratory systems. 
The reason f o r doing th i s i s that the study of atmospheric 
systems with rockets i s more expensive than laboratory studies so 
that ideas and equipment f o r atmospheric work must receive preliminary 
tests i n analogous laboratory systems. 
The direct current discharge i s considered i n greater de t a i l 
because of i t s relevance to experimental work. 
A discussion, of the solar plasma concludes th i s chapter. 
NOTE--
I n general, references have been omitted as the information i s 
duplicated widely throughout the l i t e r a t u r e . Volumes 21 and 22 of 
the Handbuch der Physik ( 1956) contain much useful material on con-
ducting gases. 
Rja*?*. Direct G*n«Y Oucraekcifk*. 
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1. THE DIRECT CU'RHEHT CEA^CTEHISTIC. 
-The resistance of a gas at low pressure i s non-linear* Using a 
c i r c u i t of the type shown i n f igure 3a, the current ( i ) and potent ial 
drop (V) i n the gas ^ i . t h e electrodes a (anode) and c (cathode), are 
governed by the fo l lowing re la t ions : -
B » Hi + V 
V = P ( i ) . 
The form of the funct ion F ( i ) , i . e . the di rect current discharge 
characterist ic, i s shorn i n f igure 3a: I t turns out, however, that 
t h i s curve i s mainly governed by electrode phenomena, i n par t icular by 
the behaviour of the cathode potent ial f a l l and t e l l s us l i t t l e about 
the voltage gradient at the column of the discharge. The voltage 
gradient increases towards both electrodes. This fol lows from a 
general pattern of behaviour, namely that as the losses increase, the 
voltage gradient must increase together with an increase i n actual 
temperature and a reduction i n the discharge diameter. The presence 
of the electrodes represent^boundary surfaces at high thermal con-
duc t iv i ty at temperatures well below those associated with the discharge 
column and the gas immediately surrounding i t causes increased thermal 
gradient through the gas, and hence an increase i n voltage gradient. 
This occurs quite independently of the electrode mechanism proper* 
(See paragraph 9 ) . 
2. THE COLLISION FREE REGION. , . ^ . 
;The port ion AC of the characteristic ( f igure 3a) represents a 
region i n whimh. co l l i s ions do not take place. I t i s sometimes stated 
that i n the region AB, ionisat ion i s caused by cosmic rays. Actually, 
though i t does not matter much i n th i s context, the ionisat ion near 
the ground i s only about 28$ due to cosmic rays, the rest being due to 
rad io -ac t iv i ty , (and the proportion i s increasing with f a l l - o u t ) . The 
'ic>iis~f bitted i n the discharge tube re combine before they can reach the 
-28 
electrodes. The s i tuat ion i s s imilar to that obtaining i n the lower 
atmosphere where the thunderstorm process acts as the e lec t r i c direct 
current generator f o r a world-wide direct current discharge system* 
Ohm's law i s v a l i d f o r t h i s region, the specif ic conductivity being 
given bys-
o(n + v + u^ • n_v_u_) 
where v i s the valency and u the mobi l i ty . (An analogy i s to be noted 
between t h i s and conduction i n electrolytes suggestive of the use of 
the Debye length concept i n discharge contexts - see chapter l ) . 
I n the region BC the ions are carried to the electrodes but the 
e lec t r i c f i e l d wh^ich collects them i s not strong enough to cause 
c o l l i s i o n ionisat ion. /Voltage reached at C depends on the mean f ree 
path and hence on the electrode separation (d) and gas pressure ( p ) . 
as well as on e lec t rode phenomena. At t h i s voltage ionisat ion i s 
produced by electrons c o l l i d i n g with molecules. 
3. THE TOUNSEHD PROCESS. 
Consider the region CD ( f igure 3a). As a resul t of ionizat ion 
radia t ion, suppose that n Q electrons leave the cathode per second and 
n i s the number of electrons],at a distance % from the cathode, where 
the nAg.have the dimensions, per u n i t volume per second. Col l is ion 
ionisat ion between electrons and molecules i n the element dx produces 
extra e l e c t i o n s and the process i s described as an electron avalanche. 
The number of electrons i s given byg-
dn = a n dx 
where a i s a proport ionali ty constant. 
Hence: n = nQexp(a x) . . . . . Equn. 25. 
I f n i s now the number of electrons at the anode, then the anode current 
I & depends on 
To V ^ * ^ -
o-o* o-of o-io o-a O-l* » l« 
Ok ^>*J* 10 Si 
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na = nQe exp(ad) « i 0 exp(ad) 
where IQ i s the electron currant from the cathode, or, i n other words, 
the anode current i n low f ie lds? 
Other ionis ing processes i n the gas are possible, such as co l l i s ions 
between ions and molecules, thermal ionisat ion by neutral molecules, and 
photoionisation. 
Secondary processes cause.the emission of more electrons, so l e t 
Lectrons actual ly leave the cathoc 
produced by c o l l i s i o n ionisat ion i s $ -
n^ electrons de. Thus the number of electrons 
aQ(exp(ad) - l ) ^ n + 
- and th i s i s equal to the number of posi t ive ions ( n + ) produced. Since 
secondary processes depend on posit ive ions s t r i k i n g the cathode, the 
number of secondary electrons leaving the cathode i s given byx-
(n* - n o ) * 7 n» (exp(ad) - l ) 
where / i e a proport ionali ty constant. 
I expfad) v . I exp(ad) 
I = n»e exp(ad) = - ° — — . . * * - * 
a 0 1 - /(exp (ad) - 1) 1 - / exp(ad) 
Excited molecules (metastables) also can cause electron emission 
by c o l l i d i n g with the cathode themselves, or by emit t ing photons which 
s t r ike the cathode. 
4. THE BREAKDOWN VOLTAGE. 
The sparking or breakdown potent ial drop (V ) corresponds tot 
8 
exp(ad) = ( / • 1 ) / / 
This implies that I & tends to i n f i n i t y i n other words, 1& i s greater 
than 0 even i f I q i s jjsgtfSiaena, 
Faschen found by experiment that V = f ( p d ) . The re la t ion i s 
shown i n f igure 4. 
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Fbr small values of (pd) the breakdown voltage i s high because 
the mean free' path i s so great that there are few co l l i s ions , while. . 
f o r high values of (pd) the breakdown voltage i s high because the 
mean free path i s so small.that few electrons gain s u f f i c i e n t energy 
from the f i e l d between col l i s ions to cause ionisat ion. At high pressures 
posi t ive ions do not have time to reach the cathode*.during the spaek. 
At pressures of-the order o f 100 atmospheres with . centimetre gaps,, 
Paschen's law breaks down as high f i e l d s at the cathode cause "Field 
emission" and t h i s i s independent of ionisat ion i n the gas. 
5. THE GLOW DISCHARGE REGIOH. 
The processes taking place i n the region EF of the characteristic 
shown i n f igure 3a have been described as fo l lows. (Eandbuch der f h y s i k ) . 
The phenomena taking place nearest to the cathode are related to the 
l ibera t ion of the e l e c t i o n s necessary f o r the discharge. Once the 
discharge i s established the posit ive column acts as.a conducting path 
shorting out a part of the gap between the e lec t rodes . The length of 
the column: adjusts:" i t s e l f ? u n t i l - the ^ minimum: breakdown voltage occurs. 
I f the anode i s moved fu r the r away from the cathode a s l i g h t l y larger 
voltage ; i s needed- to maintain the discharge and the posit ive column 
extends to occupy the addit ional length. 
The formation of.spots on the anode i s connected with the f a c t 
that the necessary current i s conveyed to the anode by the least applied 
potent ia l . These spots are gegions of intense ionisat ion. 
I t has been found that a glow discharge may be set up i n a moving 
gas. The wo raking voltage decreases when the gas flows towards the anode 
and increases s l i g h t l y when the gas flows towards the cathode. 
As the*pressure increases, the posi t ive column extends, and a t a 
certain pressure i t contracts r ad i a l l y . At low pressures, the positive 
column i s driven into the anode. 








I n a nev tube, the va l l a are covered with a surface layer of gas 
which i s slowly removed by bombardment with ions. Capricious s tar t ing 
e f f ec t s may be the outcome of patches of charge on the trails remaining 
from a previous discharge. These can be removed by running the hand 
over the outside of the tube. The va i l s may also become coated with 
cathode material-sputtering - but t h i s / i s s l ight with tungsten. 
6. THE POSITIVE GOLUHN. 
The glow discharge parameters are shown i n f igure 5. Except at 
the ends conditions are usually uniformmalong the length of the column. 
The weak f i e i d sustains a small rate of ionisat ion due to random 
electron motion. Ion and electron concentrations (usually between lO 1 ^ 
and 10 /cc) are equal. I t i s o f ten assumed that the electron enerMgy 
d i s t r ibu t ion i s Haxsellian, and that the electron temperature i s constant 
across the discharge. Charges f low rad ia l ly by an ambipo&ar process to 
the walls , where they recombine at the same rate as they are produced. 
The current along the axis of the column i s sustained by electrons 
which f low i n from the Faraday Bark Space, t rave l along with a small 
d r i f t ve loc i ty superimposed on the i r random motion, and are collected 
at the anode. The at tractioE of electrons and repulsion of posit ive 
ions by the anode results i n a negative space charge and an enhancement 
of the f i e l d . I n t h i s short region addit ional ionisat ion occurs so that 
ions are fed into the posit ive Column and balance those that flow out 
into the Faraday Bark Space. 
7. SIMILAR DISCHARGE TUBES. 
I n the conclusions to t h i s chapter the importance w i l l be stressed 
of considering "proper variables" rather than specif ic parameters. 
Accordingly, the relat ions between similar discharge tubes w i l l now 
be described. I t should be understood that these relat ions are only 
s t r i c t l y va l i d over small ranges-of the parameters to uhich they refer 
and that they .are given here only i n order to i l l u s t r a t e general 
pr inciples . I f the same voltage i s maintained across s imilar discharge 
,32. 
tabes, the fo l lowing relations holds 
Tube 1 Tub e 2 
Discharge current . :*1 = V ' 
Discharge voltage " V V 1 • 
Temperature Tl S T 2 . 
Electrode Separation V = dg x a 
Electrode radius p l • = r 2 x a 
Tube radius A = Bg x a 
Sean f ree path x i a X 2 x a 
Pressure p i = . P 2 / a 
Longitudinal f i e l d x i s X 2 / a 
Gas density •»i a n g / a 
Surface Charge density s i a s 2 / a 
Volume Charge density s i S 2 / a 
2 
Prom these relat ions, the fo l lowing "proper variables" emerges -
XX, x/p, pd, pR. I n t h i s par t icular case "proper variables1* may be 
defined as quantities which do not depend on a, and i f resul ts are 
expressed i n terms of them they w i l l be true whatever the value of a 
happens to be. 
8. THE STRIATED COLUMN. 
Individual s t r ia t ions are curved convex towards the cathode. This 
i s the e f f e c t of the negative wal l charge. The e lec t r ic f i e l d i s weakly 
negative between the s t r ia t ions , zero at t he i r edges, and may be as high 
as 69- v/cm i n the middle of a s t r i a t i o n . As far. as stationary s t r ia t ions 
are concerned, the regions i n which various kinds are formed can be mapped 
as closeA areas on thij!pR) against ( i ) curve. For high values of (pfi) 
there are no s t r ia t ions , and i n general they disappear when the current 
2 
density i s greater than 10 mA/cm . Moving s t r ia t ions disappear when the 
2 
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9. THE ABC DISCHARGE. 
• I n t h i s work the arc column i s defined as a column of gas i n which 
thermal equilibrium exists^ between the electron, ion and gas par t ic les . 
The e l ec t r i ca l conductivity of t h i s column i s maintained by thermal 
ionisat ion. The glow column i s defined as a column of gas i n which 
thermal equilibrium does not exis t , ( i . e . the electrons, ions and gas 
par t ic les each have d i f f e r e n t temperatures), the e l ec t r i ca l conductivity 
being maintained by f i e l d ionieat ion. This fol lows the convention used 
by Sing (1961). "Glow" and "Are" cathodes are markedly d i f f e r en t and 
the t rans i t ion from one to the other takes place extremely suddenly. 
The mechanisms are completely d i f f e r e n t and the voltages associated with 
the tiro types are also markedly d i f f e r en t - 200 to 500 v o l t s 6n one case 
and about 10 v o l t s i n the other. The cathode voltage f a l l can be used 
to c lass i fy these two types unambiguously. The f ree column voltage 
gradients over a very wide range of current are shown graphically i n 
f igure 3b. This curve i s an indicat ion of the voltage gradient of a 
reasonably uniform discharge column, as f ree as possible from electrode 
vapour and reasonably remote from electrode phenomena of the type described 
at thenend of paragraph 1 (Direct Current Characteristic) of t h i s chapter. 
At very low currents the voltage gradient departs from the normal negative 
characteristic of an arc, the discharge column gradually changing from 
a glow column at currents of the order of milliamperes to an are column 
which i s well established a t a current of 0.1 amperes. At currents from 
0.1 to 100 amperes the voltage gradient has the normal negative arc 
characterist ic . At currents above 100 amperes the voltage gradient 
of an arc remote from electrodes remains almost constant at 10 V/cm 
at least up to currents of 10,000 amperes. 
10. BREAKDOWN PHOCESSES. 
Host breakdown processes i n gases are i n i t i a t e d by an electron 
avalanche, the term applied to the process of electron mul t ip l i ca t ion 
i n an e lec t r ic f i e l d . Breakdown requires, i n addit ion to the i n i t i a l i 
avalanche, secondary ionis ing processes which lead to secondary avalanches. 
-34* 
I n the Townsend theory of breakdown, which has already been described 
i n t h i s chapter, f o r each electron created i n the primary avalanche a 
certain number of secondary electrons,. available f o r i n i t i a t i n g . 
secondary avalanches, are produced. The Streamer theory of breakdown 
has been proposed as an al ternat ive. I n t h i s the i n i t i a l process i s 
again the electron avalanche which grows u n t i l i t produces an increase 
of f i e l d at the head due to the posi t ive space charge* secondary avalanches 
or ig inat ing i n electrons caused by photoionisation i n the gas are directed 
into the posit ive space charge region. I n th i s way the region of high 
posit ive space charge i s rapidly extended towards the electrodes and i s 
also quite permeated with electrons or negative ions. This channel of 
posit ive and negative ionisat ion constitutes the so-called Streamer and 
when th i s growth i s extended to the two electrodes the gas path i s 
e f f ec t i ve ly short c i rcui ted and breakdown i s ef fected. 
By using a high frequency e lec t r i c generator instead of a direct 
current source, the breakdown .voltage i s lowered. This i s due to 
incomplete removal of posit ive ions during a ha l f cycle. Positive 
ions do not quite move across the inter-e&ectrode space. Positive 
space charge i s b u i l t up giving r ise to d i s to r t ion of the f i e l d and 
enhanced values of a (see equn . 25 . ) . The electrons move rapidly 
across the gap and a t r a i l of positive ions i s l e f t behind* The 
exponential form of the: ion density (see equn. 25.) means that the ions 
are concentrated near an electrode, and are therefore more l i k e a layer 
than a column. During a cycle, the space charge layer makes an 
excursion in to the gap and back towards the electrode. The gradual 
growth of space charge i s responsible f o r an increase i n ionisat ion 
as compared to direct current values, and hence breakdown at lower 
potentials . 
At u l t r a high frequencies there i s a large f rac t iona l change i n 
the .breakdown voltage. The true nature of breakdown at u l t r a high 
frequencies (10 Hc/sec) i s that the electron ambit i s jus t f i l l i n g the 
gap. 
11. DECAYING PLASMAS. r 
I f the generator i s removed from a laboratory plasma, the plasma 
quickly decays. There i s thermal equilibrium between ions and electrons 
i n t h i s decaying plasma, though t h i s i s obtained at the expense of 
temporal equilibrium, and the f ac t that measurements must be made i n an 
extremely short space of time. This system i s of interest however as 
thermal equilibrium i s thought to exis t i n the ionosphere, at least i n 
"the lower regions. (See chapter- 6 ) . 
12. SOME CONCLUSIONS. 
The: problem of simulating the ionosphere i n the laboratory i s not 
simply a matter of having a plasma at the correct pressure. Of more 
importance are such matters as the relations between the dimensions of 
the apparatus and the Debye length and mean f ree pathj and also the 
extent to which the physical processes i n the laboratory system resemble 
those i n the ionosphere. The experiments, described la te r on i n Section 
I I were carried out i n a'laboratory system which was neither-easy to handle 
experimentally, nor exactly resembled ionospheric conditions owing to the 
absence of thermal, equilibrium i n the experimental discharge. Successful.: 
experiments have been carried out in . th i s country and abroadmsing such, 
systems as decaying plasmas and high ve loc i ty pjasma streams* (See 
chapter 6 ) . I f these matters are borne in:mind*, the pressure can be 
taken in to consideration as wel l by dimensional analysis (see Similar'. 
Discharges) as by vacuum technique* 
13. THE SOLAR PLASE1A. 
, ; Distances from the earth and su^n are conveniently given i n terms 
of t he i r r a d i i , Re, (about 4000 miles) and Rs, (about 400*000 miles)* 
The: atmosphere of the sun i s ajplasma which extends fu r the r in to 
In t e r s t e l l a r space than 200 Rs, which is . the distance between sun and 
earth. Near the solar corona t h i s plasma i s at a.temperature of 10 
5 o 
and th i s f a l l s gradually to 10 E at 200 Rs, and then very rapidly 
because the ions recombine i n i n t e r s t e l l a r space. The: electron 
. ^36-: 
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concentration f a l l s by a fac tor of 10 i n the distance 200 Rs between the 
v i c i n i t y of the corona and the posi t ion of the earth. The plasma above 
tiie ionosphere of the earth merges smoothly, with the solar plasma. The, 
moon, at a distance of 66 Re from the earth encounters a plasma of 
temperature 10"* °K r and i t s s i tuat ion i s i n some ways l i k e a spherical 
probe i n a gas discharge. 
The picture, of the hot solar gas steadily conducting a .weak stream 
of energy in to the earth's atmosphere i s dramatically changed by the 
frequent storms on the sun. At these times clouds of ionised par t ic les 
are blown out from the sun, andy these extend the magnetic l ines of force 
of a sunspot magnetic f i e l d to the v i c i n i t y of the earth. The temporary 
linkages enable the par t ic les to spi ra l d i r e c t l y from sun to earth. Only 
the more energetic par t ic les w i l l penetrate to atmospheric levels , the 
majori ty being trapped i n the van Allen region. These charged par t ic les 
spi ra l along the t e r r e s t r i a l l ines of force and are ref lected i n the 
converging polar f i e l d s . This i s thejcause of the van Allen radiat ion 
bel ts of high speed par t ic les trapped wi th in the ea r th 'B magnetic f i e l d . 
Contours which show the counting rates'per second of the Geiger-Suller 
tubes i n the s a t e l l i t e I958e and in- lunar probe Pioneer I I I have been 
given by Van Allen (l959)» (See chapter 4, paragraph 2b:Rotation of 
Earth). 
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CHAPTER 3. UPPER ATMOSPHERE. 
INTRODUCTION. 
I n desc r ib ing the upper atmosphere i t i s s u f f i c i e n t f o r present 
purposes to consider the v a r i a t i o n w i t h he ight o f mechanical and 
e l e c t r i c a l p rope r t i e s . Accordingly, -ge s h a l l f i r s t describe the 
A.R.D.C. model atmosphere (Minzner e t a l , 1959)» and then discuss 
.the existence o f the ionosphere. I n the l a t t e r case we are only 
in t e res t ed i n the measurement and explanat ion o f the e l e c t r o n p r o f i l e s 
( R a t c l i f f e , 1959* 1960a, 1960c). The scale he igh t and pene t ra t ion 
frequency are derived here but not i n the references c i t e d . 
1 . HODEL OF THE ATMOSPHERE. 
I n considering the upper atmosphere (Hinzner e t a l , 1959)• i t 
i s sometimes more convenient to discuss geopotent ia l ra ther than 
geometric a l t i t u d e . The geopotent ia l (h) a t an a l t i t u d e ( z ) i s the 
p o t e n t i a l energy o f a u n i t mass a t t ha t a l t i t u d e r e l a t i v e t o the 
p o t e n t i a l energy of t h a t same u n i t mass a t sea l e v e l . For g = 9*81 
m/sec (acce le ra t ion due to g r a v i t y ) an i n t e r v a l o f one standard 
geopotent ia l metre corresponds to a distance o f 1 metre. 
The p rope r t i e s o f the upper atmosphere are summarized by the 
p r o f i l e s i n f i g u r e s 6 to 11 (Hinzner e t a l , 1959)* 
Notes on the P r o f i l e s ; -
Figure 6 : -
a) K i n e t i c Temperature and Molecular-Scale Temperature. 
b) Hean Molecular Weight. 
The r e l a t i o n s h i p between temperature (T) and molecular-scale temp-
erature (T ) i s given b y : -
HT = TH m o 
where H i s the molecular weight and H q . the sea l e v e l molecular weight. 
The shape o f t h i s curve i s considered i n the discussion o f the 
resonance theory ( i n chapter 4)* Molecular weights are r e f e r r e d to 
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Figure 7 : -
a) Pressure. 
b) Mass Densi ty. 
Hass densi ty i s given by the formula H oP/HEm where H = 8.3 x 1 0 y i n 
HKS u n i t s . 
Figure 8s-
a) Spec i f i c weight. 
b) Accelera t ion o f . g r a v i t y . 
The s p e c i f i c weight i s given by4T= g8^?/HTm. 
Figure 9 « -
a) Hole volume. 
b) Mean P a r t i c l e Speed. 
The mole volume ( v ) i s the s p e c i f i c volume o f the gas ( the r ec ip roca l 
o f the dens i ty) Tan en the densi ty i s expressed i n terms o f the mole mass 
u n i t . The mole i s def ined as 1 kg-mol = Hfcgm. 
The mean p a r t i c l e speed i s given by (8R/nH o x ?m.)^» 
Figure 10$-
a) Scale h e i g h t . 
b) . Number dens i ty . 
The scald he igh t H i s the space constant f o r pressure v a r i a t i o n w i t h 
8 
h e i g h t . For an isothermal atmosphere:-
4 ^ ~ -Dg where D i s the dens i ty . 
O B 
p = nkT D = mn 
p = PQ exp ( - z Hg/KP) = p Q exp ( - z / ^ 8 ) 
where K i s the molecular weight* 
H = ET/Hg Equn. 26, 
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Figure 1 1 : -
a) Mean f r e e pa th . 
b ) C o l l i s i o n frequency. 
The mean f r e e path i s given by X = l / ( 2 ^ n s 2 n ) where the molecular diameter 
8 = 3.65 z 10~ 1 0 m. The c o l l i s i o n frequency i s 4B 2ttCn^^H)S^ST 
2 . THE EXISTENCE OF THE IONOSPHERE. 
a. HISTORY OP THE CONCEPT OF THE IONOSPHERE. 
A century ago K e l v i n argued t ha t since a i r a t a low pressure i s 
conducting, there must be a conducting l aye r h igh up i n the atmosphere. 
I n 1882 B a l f o u r Stewart, t h i n k i n g about t e r r e s t r i a l magnetism, 
postula ted t ha t there are e l e c t r i c currents i n the upper atmosphere. 
(See chapter 4, paragraph. 2es Magnetic V a r i a t i o n s ) . I n 1900 Harconi 
was able to send radio waves across the A t l a n t i c , but these waves d i d 
not t r a v e l i n a s t r a i g h t l i n e . D i f f r a c t i o n e f f e c t s could not account 
f o r the I n t e n s i t y o f the received s i g n a l . 
Kennelly and Heaviside, i n 1902, working independently, a t t r i b u t e d 
the r e s u l t s o f Marconi 's experiments to a conducting layer about 100 km 
above the ground. The basic theory o f the ionosphere was adapted from 
e x i s t i n g theor ies o f the conduc t iv i t y o f ion ized gases by Eccles (1912). 
Appleton and Barnet t i n 1925, working a t Cambridge and us ing 
e x i s t i n g BBC t r ansmi t t e r s and l a t e r on some a e r i a l s o f t h e i r ovn, s tudied 
the separate existence o f a wave r e f l e c t e d from the sky and one t r a n s -
m i t t e d a long the ground by analys ing the in t e r f e rence pa t te rns caused 
by the d i f f e r ence i n phase between them. B r e i t and Tuve s tudied the 
ionosphere by UBing pulses o f radio waves - i n other words an ea r ly 
radar technique. 
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b . ELECTRON PROFILES - PRODUCTION AND LOSS OF ELECTRONS. 
I n considering the theory o f the o r i g i n and shape o f the e l ec t ron 
concentrat ion p r o f i l e i n the. atmosphere i t i s necessary to discuss both 
the product ion and the loss o f e lec t rons (see f i g u r e 1 2 } . I f the p r o -
duct ion o f e lec t rons were due to pho to ion iza t ion by r a d i a t i o n f rom the 
sun i t would be expected tha t the e l ec t ron concentrat ion would be 
greater lower down because increas ing densi ty means t ha t there are 
more p a r t i c l e s to i o n i z e . On the other hand the increas ing absorpt ion 
o f the r a d i a t i o n w i t h increas ing densi ty would oppose t h i s . 
Thus simple considerat ions p r ed i c t an ion ized l aye r w i t h a peak 
ra te o f product ion , w i t h i n some range o f h e i g h t . 
For a model o f the ionosphere which contains only one gas a t a 
un i form temperature and f o r which the absorp t ion i s not a f u n c t i o n o f 
the wavelength, the f o l l o w i n g conclusions have been deduced. The 
he ight o f the peak o f e lec t ron product ion (h_) i s determined by the 
absorpt ion c o e f f i c i e n t , the scale h e i g h j t , the gas densi ty and t h j s 
angle a t which the r a d i a t i o n i s i n c i d e n t . The magnitude o f the 
e l e e t r j j n product ion ra te a t the peak value depends on the r a d i a t i o n 
i n t e n s i t y , the scale height and the angle o f incidence. 
Consider the product ion o f e lec t rons . Let the ra te o f i o n i z a t i o n 
be such tha t q e e lec t rons are formed per second per u n i t volume. 
The presence o f negative ions may be allowed f o r by d e f i n i n g an 
e f f e c t i v e value f o r such t h a t 
q • — 
n + n 
e ' -
Those e lec t rons which are not l o s t f rom a reg ion by d i f f u s i o n 
i n t o another reg ion must be l o s t by processes o f recombination o r 
attachment. 
•42; 
The. l a t t e r process means t ha t e lec t rons are l o s t by the forma-
t i o n o f negative ions , a t a ra te per u n i t volume per u n i t time given 
by:;-/ 
-bnJJ # -Bn . . 
where B i s the attachment c o e f f i c i e n t . .. 
Attachment i s possible to atomic and molecular oxygen, but not ' . to 
atomic and molecular n i t rogen . I t should be noted tha t c o l l i s i o n o r 
photo detachment i s also poss ib le . 
Electrons may be l o s t by re combining witia p o s i t i v e ionsf the 
ra te o f loss o f e lect rons l y thiB process b e i n g : -
. 2 / -a n n^ — - a n p .u .v . / s ec . e e + • , e e 
where a i s the recombination c o e f f i c i e n t . 
The negative ions may be thought to modify the recombination c o e f f i c i e n t , 
so t h a t : -
> 
a =» a + a. n / n e l — e 
where a^ i s the recombination c o e f f i c i e n t f o r p o s i t i v e and negative 
ions ( n , n ) . • — 
Suppose tha t e lec t rons are produced by the pho to ion iza t ion o f 
atomic oxygen, and l o s t by a compsbex recombination process i n v o l v i n g 
charge exchange and d i s s o c i a t i o n , so t h a t the f o l l o w i n g equations h o l d : 
Product ion 0 • hv = 0 + e pho to ion iza t ion 
Loss 0* • 0 2 = Og + 0 charge exchange 
Og + e =. 20' ( exc i t ed ) d i s s o c i a t i o n / 
recombination. 
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Let L be' the ra te o f loss o f e lec t rons per u n i t volume per second, 
N be the concentrat ion o f oxygen molecules 
K. be the combination c o e f f i c i e n t f o r 0 A . 
E be the combination c o e f f i c i e n t f o r e lec t rons , c 
Then i t can be shown tha t i f 
2 
E^B i s much greater than E C * B > then L = Kn Q 
i . e . recombination. 
And i f K^N i s much I S B B than L = E ^ H ^ 
i . e . attachment. 
The f i r s t cond i t i on holds below 290,km where the number o f oxygen 
molecules i s h igh t the second holds a t he igh ts greater than 200 km 
where there are few oxygen molecules. I t has been confirmed by Dickinson 
and Sayers ( l960) t h a t d i s soc i a t i ve recombination w i t h molecular oxygen 
ions produced by a charge exchange reac t ion could be the primary e l ec t ron 
loss process i n the F2 l a y e r . 
I f the e l e c t r o n concentrat ion does not vary w i t h t ime , then t h e 
f o l l o w i n g equation, represent ing quas i - equ i l ib r ium, i s t r u e s -
dn 
d T = * * L = 0 
where q represents the e f f e c t i v e product ion o f e lec t rons and L = 
_ ^ 2 Ba • a n . r.e e 
This cond i t i on obtains a t midday and e a r l y morning. I t can be shown 
t h a t f o r a l ayer i n e q u i l i b r i u m , i f a o r B decrease w i t h increas ing 
he igh t , the peak o f the e lec t ron concentrat ion w i l l be a t a greater 
he ight than the peak o f the e l ec t ron product ion r a t e . I f the e l ec t ron 
concentrat ion does vary w i t h t ime , t h j a n s -
= q - L 4 0 
d t 
4 4 -
Suppose tha t a change i n the e l ec t ron dens i ty takes place corresponding 
t o a change i n the .e l ec t ron .p roduc t ion r a t e , as f o r instance a t the time 
o f a sudden ionospheric dis turbance. Then i t can be shown t h a t the 
excess e l ec t ron density f o l l o w s a small pe r t u rba t i on i n the product ion 
r a t e l i k e a system w i t h a. t ime constant l / ( 2 a n ) . This i s a lso the 
t ime between q and n reaching t h e i r respect ive maxima. 
c. DIFFUSION OF.ELECTRONS. 
(Sec.chapter 1 , paragraph 2h: D i f f u s i o n ) . 
I f there is-a-vert ical-movement .of e lec t rons , such t h a t w i s the 
mean 'ver t i ca l e l ec t ron d r i f t v e l o c i t y / a movement term -g- (n Q w) comes 
i n t o , the c o n t i n u i t y equation. Here, h i s the y e r t i c a l distance co-ordinate , 
dn 
Accordingly , e has to be def ined by t h i s equa t ion : -
d t 
d n e d 
d T . " - V L " dh ( a e w ) 
_ dw dn = q - L - n. —- - w e 
e d u dh 
where L i s the ra te o f loss o f e lect rons by the mechanisms above. 
Such a d r i f t v e l o c i t y might be due to a change o f temperature o r t o 
electromagnetic fo rces as w e l l as to d i f f u s i o n . The d r i f t v e l o c i t y 
appropriate to d i f f u s i o n i s ; (see equation 19, chapter l ) 
w s ^ F / m f where f i s t h e c o l l i s i o n frequency 
and where the net fo rce F = ^ dh "* m e ~ ^ dh ~ B S 
Then v = p ( l din: + i ) she re D srkT/mf- Equn. 28. 
( n dh H) 
D being the d i f f u s i o n c o e f f i c i e n t . 
The d i f f u s i o n c o e f f i c i e n t f o r e lec t rons i s greater than tha t f o r ions 
but the plasma d i f f u s e s as a whole w i t h an ambipolar d i f f u s i o n c o e f f i c i e n t 
D 1 2 ' 
D 12 s 2 D * 
H .= 2B + 
(The mean molecular i o n - e l e c t r o n mass i s 4*°+») 
The e a r t h ' s magnetic f i e l d l a r g e l y prevents d i f f u s i o n across the l i n e s 
o f f o r c e . Considering v e r t i c a l gradients , i s p ropor t i ona l to t h e 
square o f the sine o f the angle of i n c l i n a t i o n of the magnetic f i e l d . 
D i f f u s i o n can introduce e i t h e r a p o s i t i v e o r a negative movement term 
i n t o the c o n t i n u i t y equation. I f an e l ec t ron p r o f i l e were .parabol ic , 
a t the peak d i f f u s i o n would increase the e l ec t ron densi ty i f the r a t i o 
h a l f thickness to scale height were greater than 2 and decrease^ i t i f 
less than 2. 
d . HAVE PROPAGATEx.THSOUGH THE IONOSPHERE. 
Consider the e l e c t r i c vec to r o f a wavo t r a v e l l i n g through the 
ionosphere:-
E = E„ s i n 2nf t 
. o 
where f i s the frequency o f the wave being propagated. I f u ^ i s the 
instantaneous v e l o c i t y o f an e l ec t ron i n the d i r e c t i o n o f the e l e c t r i c 
f i e l d , thens-
m e ~ = E e s i n 2nf t d t o 
For a su i tab le ch oice o f t = 0 : -
u . = - (E e/m 2 n f ) cos 2 n f t t o e 
This gives r i s e t o a convection current dens i ty due to e l e c t r o n motion 
given bys-
n e u = - (E n. e /m 2 n f ) cos 2 n f t e o e • ' e 
There i s also a displacement current associated wi th the f l u c t u a t i o n o f 
E given by:— 
£yr« VU. U»fJ* Tin* lonojrftm. 
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8- dB/at = S E 2at cos 2 n f t 0 . o o 
The t o t a l current i s thens-
I = (6^ - n e e 2 / m i e(2Bf ) 2 ) E ^ 2nf cos 2nft 
Equn. 29. 
The "penetrat ion frequency" f jn has t h i s meanings- Only waves w i t h 
f requencies iower than the pene t ra t ion frequency can be r e f l e c t e d i f the 
wave i s inc iden t v e r t i c a l l y . This pene t ra t ion frequency f o l l o w s 
immediately f rom t h i s equation f o r the v e r t i c a l wave w i l l not be 
propagated i f the current i s zero. 
. Thus* -
2 
n = k f where k i s a constant, e p 
. . . . . Equn. 3&. 
Thus by s tudying the time delay between the emission and recep-
t i o n o f a wave i t i s possible t o p l o t "ionograms" showing the v a r i a t i o n 
o f equivalent he igh t f o r ref lect ion^assuming f r e e space v e l o c i t y f o r 
the waves) w i t h frequency, and f rom these to deduce e l e c t r o n p r o f i l e s 
(see f i g u r e s 14 and 15)* D i s c o n t i n u i t i e s i n the iohogram correspond 
to t u r n i n g po in t s i n the e l ec t ron p r o f i l e s . Because o f the presence 
o f the ea r th ' s magnetic f i e l d , the ionosphere i s b i r e f r i n g e n t . The 
dashed l i n e i n the ionogram represents the ext raordinary wave. 
The c r i t i c a l frequency o f the F2 region behaves i n a pecu l i a r 
manner, not because the processes of e l e c t r o n product ion are unusual, 
but because ther^e are large-scale v e r t i c a l movements o f the e l ec t rons . 
The f i r s t order theory o f the E and F l regions i s explained i n 
terms o f pho to ion iza t ion and recombination. The E l aye r i s probably 
formed by absorpt ion o f s o f t X-rays i n a i r , and the F l ledge by the 
absorpt ion i n atomic oxygen o f u l t r a v i o l e t r a d i a t i o n (100 to 600 2). 
The c r i t i c a l frequency o f the F2 region i s so i r r e g u l a r tha t i t £si. 
u s u a l l y discussed i n terms o f "anomalies! 1. The F2 peak r e s u l t s f rom . 
Pjutt 11 Beckon Vari«*to«. 
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the d i f f u s i o n of the electrons. Ignoring loss and production, i f 
there i s a uniform electron concentration, the highest electrons! 
having the greatest d i f f u s i o n coef f i c ien t , w i l l f a l l most, rapidly; 
Low electrons do hot f a l l , so a' peak i s formed wh^ich f a l l s slowly 
to the ground. I n the F layer, movements of large i r r e g u l a r i t i e s 
may hot represent electron mo4ibn.:but may constitute a compression 
wave,, 'the.pauae of ^ i c h 1»..not known. Part of the d r i f t i n the 
F layer i s caused by the "motor" e f f e c t . (See.chapter 4, paragraph 
2 f ) , • _ " 
The continuity equation f o r the electron density i n the F region 
of the ionosphere can be solved by the use of an e l ec t r i ca l analogue 
(Briggs and Rishbeth, 1961). This employs a series of condensers, 
the charge on.any one of which represents the electron density at 
<;:a, certain height- The condensers form part of a network which contains 
• i.resistors whose values are related to the v e r t i c a l d i f f u s i o n and loss 
coef f ic ien ts . The diurnal var ia t ion of production of ionizat ion i s 
represented by the-supply of-current from potentiometers, varied 
per iodical ly by an assembly of cams. The voltage on each condenser 
i s recorded by a pen-recorder, and represents the var ia t ion of electron 
density at the appropriate height. 
Comparison of the solutions with the actual ionosphere may show 
the extent to which addit ional movement, caused by electromagnetic 
forces and diurnal temperature changes, are important. 
Figure 13 shows the general day and night var ia t ion of electron 
p r o f i l e , experimentally determined by rockets. 
-48*. 
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CHAPTER 4. •'ELECTRIC FIELDS. 1 
1. IHE SIGNIFICANCE OF ELECIRIC FIELDS IB SHE UPPER A5510SPHERE. 
There can be no doubt that the e l ec t r i ca l state of the lover 
atmosphere i s self-contained between the earth and the ionosphere. 
Solar f l a r e s , sunspots, magnetic storms and auroras have no e f f ec t 
on atmospheric e l e c t r i c i t y . 
Before the advent of extensive rocket research (about 1957) 
information concerning e lec t r i c f i e l d s and space charges i n the 
upper layers of the atmosphere was almost completely lacking. Data 
on e lec t r i ca l f i e l d s and space charges was urgently needed f o r the 
solution of certain problems, (imyanitov, 1957). 
. I t was hoped to form a complete theory of the aurora polar is , 
to prove 'tiie theories of magnetic storas, and to demonstrate the 
entry of charged part ic les in to the earth's atmosphere. Other 
questions discussed were: I s tile earth together with the atmosphere 
a neutral body i n space) and i s the e l e c t r i f i c a t i o n of the earth and 
atmoa^phere due to ex t ra - to r res t r i a l sources? Of course, the l a t t e r 
i s possible, with cosmic ray ionizat ion and solar heating. 
The presence of a f i e l d increasing i n the di rec t ion earth to 
sun would indicate the existence of an e lec t r i c f i e l d created by the 
sun. The d i s t r ibu t ion of the e lec t r ic f i e l d was also needed to 
decide whether the stream of par t ic les moving from the sun i s charged 
or uncharged. 
The.causes of the appearance of f a s t , charged par t ic les i n the 
atmosphere and the nature of cosmic xsys were not clear. The earth 
might act as a gigantic l inear accelerator of charged part icles,% um» *&• 
•(coo adaptor 1, paariiigraph-So) u 
With the advance of rocket research such theories as the existence 
of the van Allen radiat ion bel ts and the penetration of the solar 
plasma into space beyond the distance of the earth, have been established. 
-50. 
I t seemed to Krassovsky (1959) t h a t i n explaining the heating of the 
Upper Atmosphere one should keep i n mind the p o s s i b i l i t y of i t s being 
heated at the expense of e lec t r i c currents i n the ionosphere. Other 
modern ideas, are discussed ( i n chapter 2, paragraph 13)• based on 
results obtained with lunar rockets. 
I t would seem that the. most important reason f o r measuring the 
ambient e lec t r ic f i e l d s i n the v i c i n i t y of a rocket i s to fu r the r 
develop the dynamo theory, (see. chapter 4, paragraph: 2 f s - Atmospheric 
Electromagnetic Machinery). The vehicle charge i s of interest i n that 
i t affects, th i s measurement, and also i t may have some bearing on 
rocket detection. . . 
2. THE ORIGIN OF ELECTRIC FIELDS, 
The general application of the dynamical equations to the atmosphere 
has already beon presented (chapter 1, paragraph 3d). I n t h i s chapter, 
the theory of o r i g i n of ionospheric e lec t r i c f i e l d s i s developed. I n 
the ionosphere par t ic le motion i s controlled by electromagnetic forces. 
The upper atmosphere rotates with the earth since tile geomagnetic 
f i e l d is; confined by the e f fec t s of e l ec t r i c currents i n a. t rans i t ional 
layer id.thin ten earth r a d i i . 
I f , as Kelvin (1882). postulated, the atmosphere has a natural mode 
of o sc i l l a t ion with a 12 hour period, there i s the poss ib i l i t y of a 
resonant response to t i d a l forces i n the. atmosphere. The idea of an 
e l ec t r i c current system i n the upper atmosphere due to t i d a l movements 
of conducting a i r across the earth's magnetic f i e l d was developed to 
explain the regular f luctuat ions of t h i s f i e l d . 
I n a l l aspects of meteorology, the atmosphere should be thought of 
as a great engine, but one which, i s del icately balanced. The upper 
atmosphere must be pictured as a piece of electromagnetic machinery, 
i n .which the E region, behaves as a dynamo and the F region as a motor. 
fi)«i It. RWsy»c«t TcAo.1 Motifs. 
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Graphs are given of the e lec t r i c f i e l d i n these regions. The 
t o t a l e lec t r i c f i e l d i s of the order of 2m*M/kmaccording to the theory 
given. (See page 55.) 
MOTIOBS IN THE IONOSPHERE. 
The motions of par t ic les are ul t imate ly responsible f o r e lec t r i c 
f i e l d s i n the ionosphere. The tendency f o r electromagnetic forces to 
dominate over the co l l i s ions ! forces characterises the ionosphere. 
Apart from the rotat ion of the earth and atmospheric t ides (Bines,1959) 
there are no established canftal connections between motions wi th in and 
beneath the ionosphere. 
b. ROTATION OF EARTH. 
Does the upper atmosphere rotate with the earth? The outer 
atmosphere would be held almost r i g i d l y by the interplanetary gas i f 
the geomagnetic f i e l d should penetrate the l a t t e r . But there i s no 
westward wind increasing with height i n the ionosphere. This i s con-
sistent with the idea that the geomagnetic f i e l d i s confined wi th in 
the earth* 8 outer atmosphere by the e f fec t s of strong currents i n a 
t rans i t iona l layer wi thin ten earth r a d i i . The outer atmosphere i s 
then f ree to rotate r i g i d l y with the earth ( l ines , 1959). 
c, TIDAL HQTIONS IB- THE ATMOSPHERE. 
Tidal motions have been studied for'more th an two centuries. 
Tides give r ise to a var ia t ion of pressure on the ground, and hence to 
a ground a i r ve loci ty (Fe3er,1953 ) • v , » f be the components of 
t h i s veloci ty (see f igure 16). - Then;-
= longitude = la t i tude . 
The solar semidiurnal component of pressure var ia t ion greatly exceeds 
the lunar semidiurnal component, although the t ide producing gravi tat ional 
force of the moon i s about twice that of the sun (Hines, 1959). Thermal 
e f fec ts must be considered, and i n f a c t the diurnal thermal input, 
To Jace y^ e 51. 
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acting i n conjunction with the semidiurnal motion, may actually control 
the period of the earth's ro ta t ion (Holmberg, 1952). Kelvin (1882) 
discussed the thermodynamic acceleration of the earth*s ro ta t ion . 
He: postulated that the atmosphere has a natural mode of o sc i l l a t i on 
with a 12 hour period, hence there i s the poss ib i l i t y of a resonant 
response. 
• d. EBSOHAHCE THEORY; 
A satisfactory resonance theory has been developed (tfeekes and 
I f i lkes , 1948}. Eaere are circumstances i n which the t i d a l energy 
supplied to the atmosphere through the action of tide-proStecing forces 
can be trapped betwesn a certain stratum (usually where the temperature 
has a minimum) and the ground. For a model atmosphere, bounded at 
the top by a perfect barr ier the amplitude of the o sc i l l a t i on at 
resonance i s i n f i n i t e l y great. I f the temperature rises again above 
the minimum the barr ier w i l l be. p a r t i a l l y transparent and energy w i l l 
leak through, to be f i n a l l y absorbed at a high level where the e f fec t s 
of v iscosi ty and thermal conduction become important. The var ia t ion o f 
barr ier thickness a f fec t s the sharpness of resonance (see the temperature 
graph, f igure 6 ) . The sharpness of resonance i s controlled by the 
distance (shown i n f igure 6) . I f i s 30 km, the magnitude of 
the t ide i s 160 times the equilibrium t i d e i i f i s 10 km, i t i s 
10 times the equilibrium t ide . 
e. MAGNETIC VARIATIONS. 
The earth*s magnetic f i e l d i s given by the fo l lowing equations 
( B i l l e t Horgan, 1959). 
B = u 0H u 0 = 4 i i / l 0 7 H/m 
Let EL be t h e m s a i i t o f the earth. Ihen:-
H = - | H ^ H ' grad c o | ^ amp/m. . . . . . Equn. 31. 
r 
To foxe ^»je 53. 
5 
V 
If 4 f i e 
-53^ ' ' ' 
•' •' H = l/4n 0.935 amp/rn^ R = 6.37 x 1Q6 m. 
The rad ia l component of H i s given bys-
H r . * ^R 3 
. E" 
and the a zimuthai component by t - Vt. 
H V _ I ^3 " H^-sin » 
^ " 3 y3 
The magnetic in tensi ty at the ionosphere i s 10$ lower than at the « a r t h ' s 
surface. She data at present available indicate that less than 1$ of 
the. earth's surface magnetic f i e l d i s of external o r i g i n (chapman, 1951). 
Regular f luctuat ions of the earth* s magnetic f i e l d are believed to 
be due to a current system i n the upper atmosphere. As already noted, 
t i d a l osci l la t ions have been studied f o r more than two centuries 
(Fejer, 1953). Balfour Stewart i n 1832 and Schuster i n 1906* argued 
that the currents are probably due to t i d a l movements of conducting 
a i r across the earth's magnetic f i e l d ; Chapman i n 1919 estimated the 
conductivity of the atmosphere to explain magnetic variat ions assuming 
the t i d a l speed to be at a l l heights the same as on the ground. 
Appleton i n 1937 found that the conductivity of the ionosphere calculated 
from radio measurements was f a r below t h i s estimate. Taylor i n 1936 
and Pekeris i n 1937 showed that t i d a l osc i l la t ions of the atmosphere 
could occur to cause very much greater wind ve loc i t i es at great heights 
than on the ground) these could be more than 100 times greater i n the 
absence of damping. Salzburg and Greenstone i n 1951 and P h i l l i p s i n 
1952 provided experimental confirmation of t h i s and obtained a fac tor 
of 100. Cowling i n 1945 and Bates and Hassey i n 1951 f i n d a fac to r 
of 6000 i s needed to explain the magnetic var ia t ions. 
f . ATMOSPHERIC ELECTROMAGNETIC MACHINERY, . 
The neutral par t ic les i n the atmosphere are set i n motion by 
solar and lunar gravi ta t ion and by thermal forces. Charged par t ic les , 
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sharing i n t h i s motion, move through the earth's magnetic f i e l d . This 
process takes place i n the £ region of the ionosphere, which accordingly 
acts i n the same way as a dynamo ( R a t c l i f f e , 1960b). Currents i n t h i s 
region are responsible f o r changes i n the magnetic f i e l d at the ground, 
'.i 
and they are accompanied by an.electrostatic f i e l d . Because these 
currents f low i n the geomagnetic f i e l d , the plasma i s set i n motion by 
a process which corresponds to armature reaction i n a dynamo. The 
complexity i s increased by the circumstance that ionizat ion, and the 
dynamo electromotive force (v x B, -chare v i s the a i r v e l o c i t y ) , vary 
over the surface of the earth and with height. The e l ec t r i c f i e l d of 
horizontal and v e r t i c a l d is t r ibut ions of space charge, b u i l t up before 
currents can f low, w i l l modify the conductivity. • 
The horizontal d i s t r ibu t ion of space enlarge produces an e lec t r ic 
f i e l d which influences the F region. I f the ionosphere were pictured 
as two slabs - the E and P regions - of highly ionized gas separated 
by a weakly ionised layer, t h i s f i e l d would reach the F region through 
a weakly ionised intervening region, where the conductivity would be 
predominantly along the l ines of magnetic force . I n the F layer, 
therefore, there would be a horizontal electromotive force due to 
changes conducted along these l ines of force from the horizontal 
space charge i n the E region. This electromotive force would then 
produce horizontal currents determined by the horizontal layer con-
duc t iv i ty i n the slab which represents the F region. -
Thus the F region may MB thought to behave l i k e an e lec t r i c 
motor, because the e l ec t r i c f i e l d i n the E region gives r ise to 
currents i n the F region, and the presence of the geomagnetic f i e l d 
causes the plasma to move. 
Rocket research into electron p r o f i l e s (see chapter 3) has 
shown that the slab model i s a very poor approximation to the actual 
ionosphere, and therefore a mathematical discussion i n terms of t h i s 
picture w i l l not be given here. The detai ls of the theory have been 
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Bet down by Ra tc l i f f e (1960), and these include a discussion of con-
duc t iv i t y . 
g. ELECTRIC FIELDS. 
The calculated t o t a l e lec t r ic f i e l d components E^, E .^ as functions 
of la t i tude (Fejer,1953 ) are given i n f igure 19. I t sh.jows the maximum 
values of the f i e l d components and the number of hours by which the 
maxima lag behind the maximum ~atmpspheric, pressora. I f the ionospheric 
a i r t ide d i f f e r s i n amplitude by a known factor (60) and i n phase by a 
known number of hours fr_om the ground t ide , then the amplitude must be 
mul t ip l ied by the t i d a l amplif icat ion fac tor , aud the phase difference 
between ionosphere and ground a i r t ides must be added to the phases 
shown. The solar atmospheric tide i n the B region i s i n phase with the 
t ide on the ground, but the lunar tide i n the E region i s i n phase 
opposition to the ground t i d e . 
Consider now the production of f i e l d s i n the F region (Farley, 1959 ) 
Farley begins hiB consideration of the electrostat ic f i e l d s by noting 
that the ionosphere i s anisotropic. (The geomagnetic f i e l d r e s t r i c t s 
charge motion perpendicular to the l ines of magnetic f l u x but has no 
e f f e c t on motion para l le l to these l i n e s ) . He then notes that the 
ionosphere i s inhomogeneous. (Conductivity depends on height) . He 
arrives at the resul t that i t i s possible, under certain conditions, 
f o r say a horizontal e lec t r ic f i e l d 3 km i n extent, at 120 km height 
to give i n the F region a s imilar f i e l d not greatly attenuated. Figure 
20 shows the f i e l d strength reduction, where:-
spatial period/2n source f i e l d i n km. 
f i e l d strength at 300 km/source f i e l d strength, 
height of source f i e l d i n kms. 
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CHAPTER 5. PROBE THEORY. 
PL&SHAS AND PROBES. 
An ionized gas o f zero net charge i s c a l l ed a. plasma* A metal t e s t 
body, vzhich should be a t l ea s t two orders o f magnitude smaller than the 
volume o f the plasma i n which i t i s immersed, i s c a l l e d a probe. This 
sec t ion i s concerned w i t h the study o f plasmas us ing the e l e c t r i c a l 
cha rac t e r i s t i c s o f Buch probes. 
At a po in t i n a plasma, there i s a c e r t a i n space p o t e n t i a l . Here, 
p o t e n t i a l has the same meaning as i n elementary e l e c t r o s t a t i c s . An 
insu la ted probe i s said to assume a f l o a t i n g p o t e n t i a l , and i t i s 
important t o emphasise tha t such an in su l a t ed prober i n a plasma, does 
not assume the space p o t e n t i a l . Instead a sheath o f u n i p o l a r e l e c t r i c 
charges i s formed about i t . 
The k i n e t i c energy associated w i t h the random motion o f ions and 
e lec t rons i n a plasma i s represented by an equivalent i o n and e l e c t r o n 
temperature. I t i s t h i s random motion which enables us to speak o f random 
cur ren t dens i t i e s f o r each charge species. 
This sec t ion begins w i t h an e s s e n t i a l l y h i s t o r i c a l account o f work 
done before 1939, most ly by Langmuir and h i s co l l abo ra to r s , working i n 
the Research Laboratory o f the General E l e c t r i c Company a t Schenectady, 
and a lso by Spencer-Smith (1935) and D3rrwang>and van Berkel (1938) . 
Then a summary i s given o f modem work on probes which Boyd and h i s 
co l l abora to r s have ca r r i ed out a t U n i v e r s i t y College, London. 
OUTLINE OF TAB CHAPTER. 
Jl probe f l o a t i n g i n a plasma does not assume the space p o t e n t i a l . 
I f the i o n and e l e c t r o n current dens i t i es t o a probe were determined by 
the random current dens i t i e s i n the plasma an electrode would run negative 
and the f l o w o f ions to the c o l l e c t o r would be c o n t r o l l e d by the space 
charge which they produced.in i t s neighbourhood. 
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From the current -vol tage c h a r a c t e r i s t i c o f a plane.probe i t i s 
possible?,to f i n d the. space p o t e n t i a l . Also the e l ec t ron constants and 
the space p o t e n t i a l may be found f rom the e l ec t ron current i n a r e t a r d i n g 
f i e l d . J ; 
J?lane probe measurements, are l i m i t e d by v s r i ous f a c t o r s and d i s -
turbances and so experiments have been ca r r i ed out us ing spher ical and 
c y l i n d r i c a l probes. 
The cha rac t e r i s t i c s o f a c o l l e c t o r o f small enough rad ius have been 
used to d i s t i n g u i s h between the d i f f e r e n t types o f i o n v e l o c i t y d i s -
t r i b u t i o n . 
There was much evidence f o r the idea tha t the e l ec t ron v e l o c i t y 
d i s t r i b u t i o n i n a plasma might be Kaxvel l ian* Despite the evidence i n 
favour o f a la rge random i o n cur ren t , i t was thought unreasonable tha t 
the i o n energy should even approach the e l ec t ron energy. 
The e x i s t i n g theory l e d to another paradox - that, a predominance 
o f negative charge a t the sheath edge requires p o s i t i v e curvature i n the 
p o t e n t i a l d i s t r i b u t i o n curve there , thus making i t impossible to merge 
the sheath i n t o the plasma. 
A new d e s c r i p t i o n a t t r i b u t e d the i o n v e l o c i t i e s to the e l e c t r i c 
f i e l d s through which they passed. The presence o f an electrode i n 
contact w i th the discharge was he ld responsible f o r the i o n current 
f l o v i n g to i t , by reason o f i t s i n f l u e n c e , as a boundary c o n d i t i o n , on 
t h e ' p o t e n t i a l d i s t r i b u t i o n i n the plasma. 
Suppose we have a current-vol tage c h a r a c t e r i s t i c f o r a probe,, so 
tha t the current equals f ( ¥ ) . Then, as Boyd and Kwiddy ( l ?54) have 
poin ted ou t , the e lec t ron energy d i s t r i b u t i o n f u n c t i o n depends on the 
second d e r i v a t i v e - f n ( V ) - o f t h i s f u n c t i o n . I f f "(v*) i s p l o t t e d against 
(V) i t i s possible to f i n d the space p o t e n t i a l w i t h greater accuracy 
than tha t obtained i n e a r l i e r methods. This approach to probe theory 
also y i e l d s new methods o f f i n d i n g the e l ec t ron concentra t ion. 
Boyd and Thompson (1959) have shown, tha t f o r a sheath to e x i s t 
about a negative probe a cer ta in , c r i t e r i o n must be s a t i s f i e d . Unless 
t h i s c r i t e r i o n i s s a t i s f i ed , the,probe f i e l d w i l l penetrate i n t o the 
plasma and modi fy the energy d i s t r i b u t i o n u n t i l the c r i t e r i o n i s 
s a t i s f i e d . The important consequences o f - t h i s are ( i ) tha t o r b i t a l 
motions o f the ions need not be considered ' Wihcejat the sheath edge t h e i r 
v e l o c i t i e s are almost whol ly normal to the edgei and £ i i ) r t h a t the f l u x 
o f p o s i t i v e ions i n t o the sheath i s determined by the e l e c t r o n temperature, 
because i t i s t h i s •which determines the e l e c t r i c f i e l d unieh penetrates 
beyond the sheath edge and draws i n the ions . 
The sheath i s enlarged by the n e u t r a l i z i n g e f f e c t o f e lec t rons 
nhich penetrate i n t o the sheath edge. 
Rocket-borne Langmuir probes encounter plasmas Which, conta in 
negative ions ( i . e . i & i c h are weakly e l ec t ronega t ive ) . Accordingly , 
the e f f e c t o f the presence o f negative ions i s f i n a l l y discussed. 
1 . EARLY WOES OS PROBE THEORY. 
a. CURRENT TO A NEGATIVE P20BE I I I A PLASMA. 
I t had been observed tha t nega t ive ly charged probes i n a plasma 
take up a current which had been ascribed t o e l ec t ron emission by e i t h e r 
p o s i t i v e i o n bombardment or the pho toe l ec t r i c e f f e c t . Langmuir (1923) 
shoved tha t these e f f e c t s are both n e g l i g i b l e . 
According to the k i n e t i c theory c f gases the random current 
dens i t i es i n a plasma due to p o s i t i v e ions and e lec t rons are r e l a t ed 
i n t h i s way 
3 v e e 
e 
Equn. 32. 
tahere j i s the random e lec t ron current dens i ty , j . i s the random 
p o s i t i v e i o n current dens i ty , v i s the average e l ec t ron v e l o c i t y , 
\ i s the average p o s i t i v e i o n v e l o c i t y , m + i s the mass o f the p o s i t i v e 
ions . m_ i s the mass o f the e l e c t r o n . 
w A. 
(.See chapter 1, equn. 9f thermal equ i l ibMum between ions and e lec t rons 
i s assumed)t 
From t h i s equation the random e lec t ron cur ren t dens i ty i s seen to 
be ve ry much greater than the random p o s i t i v e i o n current dens i ty . 
i g n o r i n g the question o f a sheath, a plane insu la ted probe immersed 
i n a, plasma should become more and more negative u n t i l the e l ec t ron 
current i s reduced to the same value as the p o s i t i v e i o n cu r ren t . A 
probe more negative than t h i s would draw i n p o s i t i v e i ons . 
b . IOH SHEATH ABOUT A NEGATIVE PHOBE. 
Up to about 1939 i t was be l ieved tha t the f l o w o f ions to a negative 
probe i s c o n t r o l l e d by the space charge tfiich the ions give r i s e to i n 
the probe neighbourhood. This neigfabou^ogq region i s c a l l e d a sheath. 
The modern concept o f p o s i t i v e i o n c o l l e c t i o n i s t h a t the i o n current i s 
determined mainly by the e l e c t r i c f i e l d which penetrates beyond the 
sheath edge. • "Hie consequences o f t h w i s idea are developed i n the second 
pa r t o f the chapter. (See paragraph 2es P o s i t i v e I o n C o l l e c t i o n ) . 
Consider f i r s t o f a l l a s i m p l i f i e d model o f - t h e sheath i n uhich 
there i s a sharp boundary between the sheath and the plasma. Then the 
s i t u a t i o n i s analogous to a system i n ehich a plane e lec t rode i s 
e m i t t i n g ions a t the sheath edge. So C h i l d ' s l a v can be app l i ed , bu t 
i t must, be modi f i ed to r e l a t e to an i o n source r a the r than the usual 
e l ec t ron source. The maximum positive i o n current densi ty ( j } and 
the vol tage drop (V) and the distance across t h i s space charge'sheath 
( z ) are r e l a t ed ( i n the absence o f c o l l i s i o n s ) i n the f o l l o w i n g manners -
3n « 4 8» f 2 » ) * - . . . . . Equn. 33. 
zd 9 ( m + ) * 
Tha concept o f the s i m p l i f i e d model o f the sheath, as used i n the 
f i r s t p a r t o f t h i s chapter, i s as f o l l o w s (see f i g u r e 21 ) . 
To face 6l. 
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A l l e lec t rons are r e f l e c t e d a t i t s outer edge and a l l p o s i t i v e ions 
which reach the outer edge are absorbed. The p o t e n t i a l drop (V) 
between probe and plasma i s confined to t h i s sheath. Thus the sheath 
i s seen to act as a screen, so tha t the f i e l d due to the probe charge 
does not extend beyond i t s edge. The p o s i t i v e i o n current dens i ty to 
the probe i s the same as the pos i t i ve i o n current dens i ty i n the 
plasma. 
The motion o f charged p a r t i c l e s i n a f u l l y ion i sed gas i s in f luenced 
• by the f i e l d s o f ions , these f i e l d s being shielded by ions of opposite 
s ign , (see chapter 1 , paragraph 3a: Debye Length). I n an e l e c t r o l y t e , 
a t distances greater than \p the e l e c t r i o f i e l d of a po in t charge i s 
shielded by p a r t i c l e s o f opposite s ign, and the Sebye length i s the 
thickness o f the i o n i c atmosphere about a s ta t ionary i o n of opposite 
s ign . 
I f i s small compared w i t h the o ther lengths o f i n t e r e s t i n an 
ion i sed gas, the gas i s ea l l ed a plasma. A sheath o f roughly t h i s . 
thickness develops wherever the plasma i s i n contact w i t h a s o l i d 
surface . Wi th in the sheath, e l e c t r i c a l n e u t r a l i t y i s not preserved. 
c. CONCEPT OF POSITIVE COLUMN ELECTRONS. 
Langmuir*s p i c t u r e o f the p o s i t i v e column o f the mercury a rc , 
w i t h which h i s experiments were done, was l i k e t h i s s - The e lec t rons 
have v e l o c i t i e s d i s t r i b u t e d i n accordance w i t h Maxwell ' s Law, and the 
d i r e c t i o n s o f motion are d i s t r i b u t e d near ly a t random. The average 
v e l o c i t y o f the e lectrons i s approximately independent o f the arc 
cur ren t but depends on the pressure. The w a l l o f the tube absorbs 
a l l p o s i t i v e ions moving to i t * but repels a l l but a minute f r a c t i o n 
o f the e l ec t rons . (The assumption of a Saxve l l i an d i s t r i b u t i o n can 
now be tested by probe experiments.) 
d . DETERMINATION OF SPACE POTENTIALS. 
Langmuir (1923) described two. simple methods f o r f i n d i n g space 
p o t e n t i a l s . The f i r s t method u t i l i s e d the current-vdltage-feemperature 
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c h a r a c t e r i s t i e s o f a tungsten f i l a m e n t , bu t t h i s was found u n s a t i s f a c t o r y . 
H i s second method u t i l i s e d the current -vol tage c h a r a c t e r i s t i c o f a co ld 
probe, i n a way which w i l l be explained l a t e r . 
e. PLANE PROBE CHARACTERISTIC. 
I n t h e i r s tudies o f e l e c t r i c discharges i n gases a t low pressures, 
Langmuir and Mott-Smith ( l924)^consid^red the case o f r e t a r d i n g and 
acce le ra t ing f i e l d s provided/by plane, spher ica l a n d c c y l i n d r i c a l probes. 
The form o f the probe current densi ty versus appl ied probe vol tage 
curve i s shown ( f i g u r e 23) and a lso the sor t o f apparatus ( f i g u r e 22) 
used to ob ta in i t . Neglect ing the contact p o t e n t i a l between the anode 
and the probe, the probe vo l tage (V_) i s equal t o the p o t e n t i a l drop 
across the sheath (? ) p lus the vol tage between the sheath edge and the 
anode (von Engel, 1955). I n p rac t i ce the c h a r a c t e r i s t i c obtained i s 
f o r V and not f o r ?. 
8 
f . INTERPRETATION OF PLANE PROBE CHARACTERISTIC. 
Using the s i m p l i f i e d sheath model, the c h a r a c t e r i s t i c ( f i g u r e 23) 
may be i n t e r p r e t e d as f o l l o w s (Cobine, 1941). Ions and e lec t rons can 
reach the probe except i n the region AB where on ly p o s i t i v e ions can 
penetrate . E i s the ( i l l - d e f i n e d ) t u r n i n g po in t i n the curve. I n the 
region AE the probe has a p o s i t i v e space charge sheath. At C, the 
net current being zero, the thickness o f the sheath i s given by a 
" sh i e ld ing dis tance" which i s the thickness o f a sheath about an 
insu la ted probe, Xp. tfhen the probe i s a t plasma p o t e n t i a l ( a t B) 
i t receives the e n t i r e random currents due to both the e lec t rons and 
the ions i n the plasma. The plasma extends to the probe surface , and 
the space charge sheath disappears. At F, where the probe vol tage i s 
h igh and p o s i t i v e , e lec t rons i n the sheath ion ise the gas by c o l l i s i o n 
g i v i n g slow p o s i t i v e ions , which annul the e l ec t ron space charge. 
( I t should be noted t ha t i t i s possible f o r the discharge t o 
become drained o f i t s e l e c t r o n s ) . 
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g . PROBE PROVIDING AH ACCELERATING FIELD FOB ELECTROHS. 
I n the region EF o f the c h a r a c t e r i s t i c ( f i g u r e 23) e lec t rons are 
accelerated towards, andjkons are r e f l e c t e d away f rom the probe, ( i f 
the p o s i t i v e i o n temperature i s much less than: the e l ec t ron temperature 
(see chapter 1, equn. 9), the pos i t i ve : ion; current w i l l q u i c k l y disappear 
w i t h increas ing p o s i t i v e v o l t a g e s ) . : An elect ron, space, charge sheath 
e x i s t s . Equation 33 gives the e lec t ron , current dens i ty to a probe w i t h : . 
a negative sheath, i f the e l ec t ron mass i s subs t i tu t ed f o r i o n mass. 
Since- the: probe i s already r ece iv ing the e n t i r e random e l e c t r o n current 
o f the plasma,: an increase i n the p o s i t i v e probe vol tage w i l l not give 
any/ increase i n . e l ec t ron cu r ren t . 
I n she reg ion near a p o s i t i v e probe til ere are a large number o f low 
v e l o c i t y electrons' , r e s u l t i n g from 1 c o l l i s i o n processes. These are trapped 
w i t h i n t h i s r eg ion by the acce le ra t ing f i e l d . Thus such an acce le ra t ing 
f i e l d , provides a cur ren t dens i ty which increases near the probe. 
h . PROBE PROVIDING A RETABDIHG FIELD FOR ELECTRON S3 
S t i l l us ing our s i m p l i f i e d model (see paragraph l b o f t h i s chapte r ) , 
t h e - e l e c t r i c f i e l d about a h i g h l y negative plane probe f a l l s o f f to zero 
at; the boundary o f the sheath/ the probe i s subject on ly t o a random 
i o n current, dens i ty , 
J p f i a 4 e » t Equn. 34a. 
where n + i s the i o n densi ty i n the. plasma. The random e l ec t ron cur ren t 
dens i ty towards an imaginary , plane i n the body o f the plasma i s g iven b y ; -
3 . » 7 n_e v . . . . . Eqmu 34b. e 4 e e 
(See chapter 1, paragraph 2ct Knudsen's Cosine Law). 
The concentrat ion o f e lec t rons near the probe i s small compared t;oV,^  
the concentrat ion i n the body o f the gas, but the v e l o c i t y d i s t r i b u t i o n 
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and temperature):(that i s to say, average energy) o f the e lec t rons must 
he the same: i n both regions. The e lec t rons which reach the neighbourhood 
o f the probe have l o s t k i n e t i c energy, by moving against , the f i e l d , but 
these e lect rons were not average e lec t rons but were those which 
o r i g i n a l l y had unusual ly h igh v e l o c i t i e s . 
t , THE SPACE CHARGE SHEATH EQUATION. 
I n our simple model, the d i f f e r ence i n p o t e n t i a l between the probe 
and the plasma i s l o c a l i z e d i n a space-charge sheath o f appropriate s ign , 
across whichi the p o t e n t i a l i s c o n t r o l l e d by the v a r i a t i o n o f p o s i t i v e 
charge concentrat ion (Poisson's equa t ion) . V i t h i n the p o s i t i v e i o n 
sheath the f o l l o w i n g equations apply?- Poisson's equation! a c o n t i n u i t y 
equation r e l a t i n g p o s i t i v e i o n cur ren t and p o s i t i v e charge concentra t ion! 
and an energy equation f o r an i o n which s t a r t s from r e s t a t the sheath 
edge and gains k i n e t i c energy: from the e l e c t r i c f i e l d . Prom these 
equations i t i s possible to deduce equation 33, i . e . C h i l d ' s Law. 
(Bleaney and Bleaney, 1957). The p o s i t i v e i o n current given by equation 
33 has to b e j m i l t i p i i e d by a f a c t o r ( l + 6 .025 (T + A)^) to a l low f o r the 
k i n e t i c energy, whichi the ions have on e n t e r i n g the sheath. T^ i s the 
temperature 'equivalent o f t h i s energy, assuming i t has a Haxwel l ian 
d i s t r i b u t i o n . 
(Equations 33 and 34 ( a ) and (b) are consis tent w i t h the d e f i n i t i o n 
o f Debye length i f one makes the assumption t ha t the p o t e n t i a l energy 
o f an e l ec t ron changes by an amount something l i k e kT i n one Bebye l e n g t h ) . 
j . DETERMINATIONS FROM PROBE ANALYSIS. 
Using the probe current-vol tage c h a r a c t e r i s t i c above ( f i g u r e 23)» 
the e l ec t ron concentrat ion and energy and the space p o t e n t i a l may be 
found from the e l ec t ron cur ren t i n a r e t a r d i n g f i e l d , obtained by 
e x t r a p o l a t i n g the i o n sa tu ra t ion cur ren t dens i ty f o r la rge c o l l e c t i n g 
vol tages to small c o l l e c t i n g vo l tages , and assuming t h a t the d i f f e r e n c e 
between the experimental and the ext rapola ted l i n e s i s the e l ec t ron 
current (Etnaleus, 1951). 
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Boltzmann^s r e l a t i o n f o r e l eo t ron concentrat ion may be app l i ed to 
the reg ion BE o f the probe c h a r a c t e r i s t i c s -
n = n ezp (-el/kT ) Equn. 35a. 
es e 9c 
where h i s the e l ec t ron concentrat ion a t the probe surface, n i s the es e 
e l ec t ron densi ty i n the plasma, V i s the p o t e n t i a l i d r o p across the sheath, 
and;.3? i s the absolute temperature o f plasma e lec t rons . Hencei-
5 es s 5 e e a p t~*vAaa) 
where ^ i s the e l ec t ron current densi ty to a probe p rov id ing a r e t a r d i n g 
f i e l d . 
i n J a i n j - Equn. 35b. 
es e e ^ 
ELECTRON TEMPERATURE. 
This can be found from the slope o f the curve represent ing equation 
35b ( i . e . w i t h co-ordinates i n 3 „ and V ) . This i s o f t e n r e f e r r e d to as 
©S j '** . r ' 
the "semilog p l o t " . (The v a l i d i t y o f t h i s conventional method o f deducing 
the e l ec t ron temperature by the r e t a r d i n g f i e l d method i s una f f ec t ed by 
considerat ion o f the pene t ra t ion o f the probe f i e l d beyond the sheath 
edge). 
PLASMA POTENTIAL. 
This i s determined as the p o t e n t i a l a t which the Boltzmann r e l a t i o n 
breaks dom - i n other words* the c h a r a c t e r i s t i c becomes nonl inear - as 
the f i e l d becomes acce le ra t ing f o r e l ec t rons . This i s not a ve ry s a t i s f a c t o r y 
approachi to the problem o f space p o t e n t i a l as can be seen from the graphs 
i n sections and also from t h i s chapter (paragraph 2at Elect ron Energy 
D i s t r i b u t i o n ) . 
ELECTRON CONCENTRATION. 
This may be found from the r e l a t i o n s -
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. " 4. n e 4 ttee ( 8 k T e / n m ^ Equn. 36. 
The e l ec t ron concentra t ion should r e a l l y be obtained us ing one o f the two 
methods i nd i ca t ed l a t e r on i n t h i s chapter (paragraph!..2a). 
POSITIVE ION TEMPERATURE. 
This should c e r t a i n l y not be> found from the corresponding equation 
f o r p o s i t i v e i o n s . (See paragraph 2bs Sheath Formation C r i t e r i o n ) . 
k . LIHITATIONS OF PROBE HEASUREHEHTS AND DISTURBING FACTORS. 
The space occupied by the sheath and the cur ren t which i t draws must 
be small compared w i t h the volume and current o f the discharge. Probe 
theory i s u s u a l l y appl ied to discharges i n which pressures are i n the 
-4 
range 1 mm to 10 mm Hg, i o n and e l e c t r o n concentrat ions are greater than 
8 3 2 10 /cm , and currents are o f the order o f 1 uamp/cm . 
The behaviour o f a negative plane probe i s a f f e c t e d by e f f e c t s a t 
the edge o f the probe. I f the e f f e c t i v e area increases wi th , increase i n 
negative v b l i a g e , the p o s i t i v e i o n cur ren t w i l l increase a t the same t ime . 
The.plasma-probe p o t e n t i a l drop (V) may depend on the r a t e a t which 
observations are made, as f o r instance i f the contact p o t e n t i a l i s due to 
a phenomenon which v a r i e s wi th t ime , i r e e g u l a r readings may be due to 
contamination o f the probe surface by adsorbed oxygen l aye r s . Moreover, 
the surface resistance o f ajprobe changes wi th i t s pdbential. Probe 
c h a r a c t e r i s t i c s should be measured on ly a f t e r the probe surface has been 
cleaned by hea t ing , and t h i s hea t ing may d i s t u r b the l o c a l gas dens i ty . x 
The probe surface i s assumed to be a perfect-absorber o f a l l ions 
and e lec t rons reaching i t . I n p r a c t i c e , secondary emission w i l l take . 
p lace . I n o ther words, the "semilog p l o t " i s displaced p a r a l l e l to the : 
vol tage a x i s . 
The ions and e lec t rons are assumed t o have a Maxwellian d i s t r i b u t i o n 
o f v e l o c i t i e s , whan Haxve l l i an d i s t r i b u t i o n s are superposed, the semilog 
p l o t consis ts o f broken- l ines representat ive o f each d i s t r i b u t i o n . Thus 
the space p o t e n t i a l i s unce r t a in , and the concept o f e l e c t r o n temperature 
X See van Berkel (1938),and Spencer-Smith (1935). 
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has no s ign i f i cance (see paragraph 2as Elec t ron Energy D i s t r i b u t i o n ) . 
A subs tan t i a l d r i f t current dens i ty may complicate the r e s u l t s . 
1 . SPHERICAL AND CZUHDRICAL PROBES. 
A plane probe d i s tu rbs the discharge as too much charge i s removed 
f rom the plasma. Theories f o r cy l inde r s c o l l e c t i n g on ly ions o f one s ign 
(and under condi t ions such, tha t the i o n f r e e path, i s much greater than the 
sheath rad ius ) have been obtained. C y l i n d r i c a l c o l l e c t o r s o f la rge diameter 
may give t roub le because o f end Correct ions . The ana lys i s o f c h a r a c t e r i s t i c s 
obtained w i t h c y l i n d r i c a l c o l l e c t o r s (Engel and Steenbeck, 1932) i s discussed 
i n sect ion 2 1 . 
F ieb ich i n 1950 shoved tha t when small c y l i n d r i c a l probes are used 
cons i s t ing o f a short length of wi re p ro t rud ing . f rom an i n s u l a t i n g stem, * 
the i on sheath formed around the stem covers p a r t o f the probe. The 
e f f e c t i v e area can be deduced by surrounding the probe w i t h a small metal 
rube tihose p o t e n t i a l i s v a r i e d . 
m. VELOCITY DISTRIBUTION OBTAINED FROM PROBE CHARACTERISTICS. 
The c h a r a c t e r i s t i c s o f a c o l l e c t o r o f small enough rad ius can be used 
t o d i s t i n g u i s h between the d i f f e r e n t types o f v e l o c i t y d i s t r i b u t i o n . H o t t -
Smith and Langmuir (1926) presented a tharory Delating the second d e r i v a t i v e 
o f the probe c h a r a c t e r i s t i c to the v e l o c i t y d i s t r i b u t i o n . (See Hott-Smith. 
and Langmuir, 1926. p .753) . 
n . ELECTRON VELOCITY DISTRIBUTION. 
Tonks and Langmuir (1929) provided a general plasma theory . By then 
there vas much evidence f o r ' the idea tha t e l e c t r o n v e l o c i t i e s i n a gas • 
discharge plasma have a Haxwoll ian D i s t r i b u t i o n . These v e l o c i t i e s cor res -
pond to temperatures between 5000 and 70 ,000°E . Measurements depended on 
the Boltzmann densi ty d i s t r i b u t i o n which, the e lec t rons assume i n the sheath 
about a nega t ive ly charged c o l l e c t o r . This I s v a l i d i f the electrode 
p o t e n t i a l changes are confined to a sheath about the e lec t rode . 
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o. LARGE RANDOM ION CURRENTS. 
Such direct-measurements on p o s i t i v e Ions are not possible, but the 
sa tu ra t ion current to a c o l l e c t o r a t negative vol tages i nd i ca t ed - tha t 
the magnitudes o f i o n and e l ec t ron v e l o c i t i e s are s i m i l a r . . 
I t had been argued t ha t since the p o t e n t i a l drop i s conf ined to the 
sheath, on ly those, ions w i l l be co l l ec t ed which are in . any case moving 
towards the sheath edge. 
Measurements w i t h pe r fo ra ted probes had shown tha t the normal com-
ponents o f v e l o c i t y o f the; ions i n a plasma whichi. reach the edge o f a 
caShode are rougfeiy those o f a Maxwellian d i s t r i b u t i o n corresponding to 
a temperature T^ def ined i n the same way as e l e c t r o n temperature. For a 
given plasma t h i s i o n temperature i s about h a l f the temperature o f the 
electrons* 
I n low pressure discharges the ions probably acquire p r a c t i c a l l y a l l 
the k i n e t i c energy they possess f rom the e l e c t r i c f i e l d s w i t h i n the plasma. 
The momentum o f the e lec t rons i s so small t h a t i o n i s i n g c o l l i s i o n s o f 
e lect rons w i t h gas molecoLeB cannot impar t t o the ions appreciable k i n e t i c 
energy. 
A l l the ions which reach the edge o f a cathode sheath pass to the 
electrodes and thus only, h a l f o f the ions corresponding to a Haxwell ian 
d i s t r i b u t i o n T + can be present i n the plasma near the sheath edge, so 
tha t the d i r e c t i o n s o f the ions can be d i s t r i b u t e d o n l y over a hemisphere. 
Using equations 34(a) and ( b ) and s u b s t i t u t i n g temperature f o r 
v e l o c i t y produces the equations-
measurements on a mercury arc gave a va lue o f 0.55 f o r t h i s r a t i o . But 
i t i s unreasonable t h a t the i o n energy should even approach the e l ec t ron 
energy i n view o f the f a c t t h a t i t i s the e lec t rons p r i m a r i l y ohich supply 
energy to the r e s t o f the plasma and the^oa i t i ve ions w i t h t h e i r r e l a t i v e l y 
large mass and f requent impact w i t h slow atoms do not acquire l a rge random 
fiyttt 24 SVicatW £©\y. farooox. 
To face U^e 64. 
N SHEATW 
k i n e t i c energies. ..; 
, The sheaths on a spher ica l e lec t rode immersed i n a p o s i t i v e column 
are seen to be o f equal thickness on cathode and anode sides, and t h i s i s 
evidence i n f avour o f a la rge random i o n cu r ren t . 
p . . THE SHEATH EDGE PARADOX? 
The sheath edge provides a paradox. The p o t e n t i a l a t B ( f i g u r e 24) 
i s lower^han a t A. The e l ec t ron concentrat ion w i l l also be lower accord-
i n g to the Boltzmann Law, and^because o f t h e i r , greater average v e l o c i t y , 
the ions w i l l have a lower concentration* By Pqisson's equat ion any 
predominance o f negative charge a t the sheath edge requires p o s i t i v e 
curvature i n the p o t e n t i a l d i s t r i b u t i o n curve the re , thus making i t 
impossible to merge the sheath i n t o the plasma. 
q. REVISED CONCEPTS.OF PLASMAS AHD COLLECTION PROCESS. 
Langmuir (1929) and Tonks (1929) ..came to accept a new p o i n t o f view.. 
Suppose tiie e lect rons possess a Haxwell ian v e l o c i t y d i s t r i b u t i o n and a lso 
such a h igh m o b i l i t y t h a t they obey the Boltzmann Law i r r e s p e c t i v e o f any 
d r i f t . . Fur ther , suppose the p o s i t i v e ions are formed w i t h n e g l i g i b l e 
v e l o c i t y and acquire v e l o c i t i e s corresponding t o the e l e c t r i c f i e l d s through:, 
which they pass. 
For long i o n f r e e paths each i o n w i l l move f r e e l y under the in f luence 
o f small plasma f i e l d s set up by the e lec t rons and ions themselves,that i s 
f i e l d s maintained by the balance o f e l e c t r o n .and . ion charges. For short 
f r e e paths, there are c o l l i s i o n s between ions and atoms, but the ions are 
s t i l l mainly guided by the e l e c t r i c f i e l d . 
I t i s the presence o f an electrode i n contact w i t h ,the discharge .which 
i s responsible f o r the i o n current f l o w i n g to t ha t e l ec f rode . This i s by 
reason o f i t s i n f l u e n c e , as a boundary c o n d i t i o n , on the p o t e n t i a l 
d i s t r i b u t i o n i n the plasma. (Very small electrodes have no e f f e c t on the 
p o t e n t i a l d i s t r i b u t i o n through the body o f the plasma ;,arid. can, > therefiq^e, 
be used as t rue probes.) Each negative body i n contact w i t h the discharge 
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i s c o l l e c t i n g i o n s f r o m a d e f i n i t e r e g i o n o f t h e plasma o n l y . 
I n o r d e r t o handle t h £ s t h e o r y . m a t h e m a t i c a l l y i t i s necessary t o 
know t h e space d i s t r i b u t i o n o f the g e n e r a t i o n o f i o n s . 
I n the plasma s u r r o u n d i n g a f i n e n e g a t i v e l y charged probe w i r e the 
p o t e n t i a l d i f f e r e n c e between, plasma p o t e n t i a l maximum and sheath edge 
may be so s m a l l t h a t the i o n s genera ted w i t h i n the plasma p o t e n t i a l 
maximum are n o t t r apped b u t can t r a v e r s e the maximum by v i r t u e o f t h e i r 
f i n i t e i n i t i a l v e l o c i t i e s . { T h i s j u s t i f i e d t h e use o f a s u f f i c i e n t l y 
f i n e n e g a t i v e l y charged w i r e i n t he u s u a l way t o measure p o s i t i v e i o n 
c o n c e n t r a t i o n s * } 
. A p o s i t i v e l y charged c y l i n d r i c a l probe c o l l e c t s e l e c t r o n s i n the 
same manner as p r e v i o u s l y supposed, excep t t h a t t h e sheath about i t i s 
c o n s i d e r a b l y t h i c k e n e d by t h e presence o f i o n s genera ted i n t h e shea th . 
2 . HODERB WORK OB PHOBE THEORY. 
a . ELECTROS EHERGT DISTRIBUTION. 
S u p p o s e ve have a c u r r e n t - v o l t a g e c h a r a c t e r i s t i c f o r a p r o b e , so 
t h a t i . s f ( V ) . I f a t any p o i n t on t h e c h a r a c t e r i s t i c we superimpose an 
mm . . . mm 
' a l t e r n a t i n g v o l t a g e ( & ) , t h e c u r r e n t i s g i v e n b y i = f ( V + e ) . Expanding 
t h i s - b y T a y l o r ' s theorem, we can express the c u r r e n t i n t e rms o f an 
i n f i n i t e s e r i e s o f d i r e c t c u r r e n t and harmonic t e r m s : -
i ^ = f ( V • e ) = f ( V ) • e f » ( V ) • § f f » ( V ) 
. . . . . Squn. 38. 
Thus w i t h t h e p o t e n t i a l a t each' p o i n t o s c i l l a t i n g between V • e and V - e 
t h e r e c t i f i e d c u r r e n t i s p r o p o r t i o n a l t o f " 0 r ) . The second d e r i v a t i v e 
o f t h e c h a r a c t e r i s t i c ean be o b t a i n e d d i r e c t l y u s i n g a c i r c u i t such as 
t h a t g i v e n by Sloane and KLcGregor ( 1 9 3 4 ) . 
T h i s i s u s e f u l , because, as: Boyd and Twiddy (1954) p o i n t o u t , f o r 
an i s o t r o p i c d i s t r i b u t i o n o f e l e c t r o n ene rgy , t h e d i s t r i b u t i o n f u n c t i o n 
i s g i v e n b y t -
pro T 0 Jftcc Y*3 e ^" 
U S * 
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, ! ( • ) . • V* f * ( ? ) i e e l e c t r o n ene rgy ) Equn. 39 . 
T h i s r e s u l t was o b t a i n e d by Druyves t eyn . T h i s approach was used b y 
Boyd and T v i d d y (1954) t o s tudy the e l e c t r o n energy d i s t r i b u t i o n i n t h e 
s t r i a t e d hydrogen d i s c h a r g e , b u t the a n i s o t r o p y o f t h e v e l o c i t y d i s t r i b u -
t i o n reduced t h e p r e c i s i o n o f t h e i r r e s u l t s . Boyd and T v i d d y (1959) 
c r i t i c i s e p o s i t i v e column t h e o r i e s u n i o n o f t e n assume a H a z v e l l i a n 
D i s t r i b u t i o n f o r e l e c t r o n e n e r g i e s i n s t r i a t e d d i s c h a r g e s . 
I n u s i n g the second d e r i v a t i v e t echn ique the e f f e c t o f t h e p o s i t i v e 
i o n c u r r e n t can be n e g l e c t e d , because, excep t when t h e probe i s v e r y 
near t o the space p o t e n t i a l , the second d e r i v a t i v e o f t h e e l e c t r o n 
c u r r e n t i s much g r e a t e r t h a n the second d e r i v a t i v e o f t h e p o s i t i v e i o n 
c u r r e n t . The Druyves teyn a n a l y s i s i s a p p l i c a b l e t o a l l probe shapes 
o n l y when the energy d i s t r i b u t i o n i s i s o t r o p i c * A s p h e r i c a l probe must 
be used i n t h e s tudy o f a n i s o t r o p i c d i s t r i b u t i o n s . A more s e n s i t i v e 
t e s t f o r a R a x w e l l i a n e l e c t r o n energy d i s t r i b u t i o n t h a n the l i n e a r i t y 
o f t h e l n ( i ) a g a i n s t V p l o t i s t o p l o t I n f " ( V ) a g a i n s t V . S h i s shou ld 
© 
be l i n e a r w i t h a s lope l/V » where ? i s a measure o f t h e mean e l e c t r o n 
e e' 
energy ( i n v o l t s ) . I f t h e l o g a r i t h m o f t h e second d e r i v a t i v e p l o t t e d 
2 
a g a i n s t V i s a s t r a i g h t l i n e graph t h e d i s t r i b u t i o n i s s a i d t o be 
D r u y v e s t e y n . 
The space p o t e n t i a l i s n o t w e l l d e f i n e d because o f the d i s t u r b a n c e 
o f t h e plasma whan the probe i s d r a t d n g l a r g e e l e c t r o n c u r r e n t s . T h i s 
happens when i t i s near t h e space p o t e n t i a l . There a re two c o n v e n t i o n s 
f o r o b t a i n i n g the space p o t e n t i a l f r o m t h e semi l o g p l o t ( i n d i c a t e d by 
A and B i n f i g u r e 25) and f r e q u e n t l y t h e r e i s n o t even a l i n e a r p o r t i o n . 
The t r u e space p o t e n t i a l i s more p o s i t i v e t h a n the i n f l e x i o n p o i n t on 
t h e c u r r e n t - v o l t a g e c h a r a c t e r i s t i c because o f the d i s t u r b a n c e caused b y 
t h e p r o b e . T h i s d i s t u r b a n c e depends on t h e r a t i o o f probe d i a m e t e r t o 
t ube d i ame te r , t o Debye l e n g t h , and t o e l e c t r o n mean f r e e p a t h . 
The t o t a l e l e c t r o n c o n c e n t r a t i o n can be f o u n d by two methods. One 
method i s t o make a d i r e c t i n t e g r a t i o n o f t h e energy d i s t r i b u t i o n c u r v e . 
The o t h e r method i s t o o b t a i n the e l e c t r o n c o n c e n t r a t i o n f r o m t h e random 
e l e c t r o n c u r r e n t t o the probe a$ space p o t e n t i a l , and a,knowledge o f the 
mean ene rgy . 
b . . SHEATH FORMTION CRITBRI03. 
Consider a p o i n t near a n e g a t i v e p r o b e . L e t be the d i s t r i b u -
t i o n f u n c t i o n o f the normal components o f the V e l o c i t y o f t h e i o n s . L e t 
u* and p " be d e f i n e d b y i -
For a sheath t o e x i s t a t a p o i n t nea r a p r o b e , t h e t o t a l space charge 
d e n s i t y must be p o s i t i v e . When t h i s i s so Boyd and Thompson (1959) 
have shown t h a t i 
IfrbJ*****)'1 1 8 * ™ a t e r **** 1 % <Hitv) 
f rom, « h i c h i t can be deduced t h a t 
( K ' n ^ 1 1 8 S k a t e r t h a n g ! p . ) 
. . . . . Eaun. 40 . 
I o n s o f l o w energy a re w e i g h t e d i n t h e a&erage, so even a h i g h i o n 
t empera tu re does n o t enab le t h e sheath c r i t e r i o n t o be s a t i s f i e d by a 
one s i d e d H a z w e l l i a n . D i s t r i b u t i o n because o f t h e l a r g e l o w energy c o n t r i b u -
t i o n . Unless t h & c r i t e r i o n i s s a t i s f i e d t h e probe, f i e l d w i l l p e n e t r a t e 
i n t o t h e plasma and m o d i f y t h e energy d i s t r i b u t i o n so t h a t i t i s s a t i s f i e d . 
Boyd (1954) cons ide red t h a t i t was n o t t h e n p o s s i b l e t o say t o what e x t e n t 
t h i s f i e l d p e n e t r a t i o n would modify* t h e more c o n v e n t i o n a l i n t e r p r e t a t i o n 
o f probe a c t i o n as a p p l i e d t o r o c k e t p robes (wh ich encoun te r an e n v i r o n -
ment where the mean f r e e p a t h i s l o n g ) . I n a l a b o r a t o r y d i s c h a r g e 
(.where the e l e c t r o n t empera tu re i s much g r e a t e r t h a n the i o n t e m p e r a t u r e ) 
t h e r e a re two i m p o r t a n t c o n c l u s i o n s . F i r s t l y , o r b i t a l mo t ions o f the 
i o n s need n o t be cons ide red s ince a t the sheath edge t h e i r v e l o c i t i e s 
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a re a lmos t w h o l l y normal t o the edge. Secondly, t h e f l u x o f p o s i t i v e 
i o n s i n t o t h e sheath i s n o t r n v • • • b u t i t i s de t e rmined by t h e e l e c t r o n 
4 + 
t e m p e r a t u r e . Consider f o r esample.> the p r e d i c t e d r a t i o : o f s a t u r a t i o n 
p o s i t i v e i o n and e l e c t r o n c u r r e n t s f o r c y l i n d r i c a l and s p h e r i c a l p robes 
i n a r u n n i n g e l e c t r o p o s i t i v e ( p o s i t i v e i o n s p r e s e n t ) d i s cha rge plasma. 
The c l a s s i c a l s a t u r a t i o n c u r r e n t ' r a t i o i s g i v e n b y s -
• • . • ' 1 
^ • . ^ V A ^ 7 . . . . . Equn. 4 1 . 
She p r e s e n t i d e a s suggest t h a t should be r e p l a c e d by an " e f f e c t i v e 
p o s i t i v e i o n tempera ture" o f 2 . 3 1 
. c . POSITIVE 1 0 1 CQLLECTIOH. 
The modern concept o f p o s i t i v e i o n c o l l e c t i o n i s t h a t t h e i o n 
c u r r e n t i s d e t e r mined m a i n l y by t h e e l e c t r i c f i e l d which p e n e t r a t e s 
beyond t h e sheath edge. I t i s convenient , t o c o n s i d e r t h e low p res su re 
plasma, where t he u s u a l c o n d i t i o n s a re an i o n . mean f r e e p a t h much g r e a t e r 
t h a n the probe d imens ions , and an e l e c t r o n t empera tu re much g r e a t e r t h a n 
t h e . p o s i t i v e i o n t e m p e r a t u r e . I t has a l r e a d y been p o i n t e d o u t t h a t 
the i o n c u r r e n t depends on the e l e c t r o n t empera tu re and n o t on the i o n 
t e m p e r a t u r e , because t h e e l e c t r o n t empera tu re de te rmines t h e f i e l d s t r e n g t h 
which draws i o n s t o the shea th . The v a l i d i t y o f t h e c o n v e n t i o n a l method 
o f deduc ing the e l e c t r o n t empera tu re by t h e r e t a r d i n g f i e l d method i s 
u n a f f e c t e d b y f i e l d p e n e t r a t i o n . 
• I t i s a p p r o p r i a t e a t t h i s s tage t o i n t r o d u c e t h e i d e a o f an a b s o r p t i o n 
r a d i u s . T h i s i s d e f i n e d so t h a t w i t h i n t h i s r a d i u s f r o m t h e c e n t r e o f 
t h e probe a l l t he i o n s move t owards the probe and no i o n s h i t t h e l a t t e r 
a t g r a z i n g i n c i d e n c e . H o t t Smith and Langmuir (1926) deve loped a t h e o r y 
wheih assumed o r b i t a l m o t i o n s f o r the p o s i t i v e i o n s . Consider a n e g a t i v e 
probe as i n f i g u r e 26 . Do n o t assume t h a t the e l e c t r i c f i e l d i s r e s t r i c t e d 
t o t h e space charge shea th . A t t h e d i s t a n c e o f c l o s e s t , approach. L 
c 
t o t h e p r o b e , a p o s i t i v e i o n has hp r a d i a l v e l o c i t y . Suppose t h a t 
b e f o r e t h e t r a j e c t o r y o f the p o s i t i v e i o n i s m o d i f i e d by t h e p r o b e , the 
k i n e t i c energy o f t h e i o n , i s eV^. I f V p i s the: n e g a t i v e p o t e n t i a l a t 
E , t h e k i n e t i c energy o f the i o n a t P I s e(V^ . - V^)* The e q u a t i o n 
r e p r e s e n t i n g t h e c o n s e r v a t i o n o f a n g u l a r momentum t h e n t a k e s the f o r m i -
M ! ? l M l - 7 ^ . . . . . Equn. 42 . 
P • C O' p 
Ions_ h i t t he probe i f b = t ( l - » vhero V i s the probe p o t e n t i a l 
a n d l i s the probe r a d i u s . I n f i g u r e 26 r i s t ho sheath r a d i u s , r i s 
»* a . . . . . .a ^ 
the a b s o r p t i o n r a d i u s and b m i n i s t h e r a d i u s o f t h e e f f e c t i v e t a r g e t 
a r ea . ' ; 
Ho a b s o r p t i o n r a d i u s e x i s t s i f the p o t e n t i a l d i s t r i b u t i o n s a t i s f i e s 
t h e c o n d i t i o n t h a t V^/V i s g r e a t e r t h a n ( t / r ) ^ , vhere V y i s t h e p o t e n t i a l 
a t . a r a d i u s r . T h i s does n o t h o l d i n a dense p lasma . 
tfe a re now i n a p o s i t i o n t o se t o u t t h e scope o f t h e d i f f e r e n t 
t h e o r i e s o f p o s i t i v e i o n c o l l e c t i o n . 
The f i r s t case ( A ) t o c o n s i d e r i s when no a b s o r p t i o n r a d i u s e x i s t s , 
o u t s i d e t h e p r o b e . Then,' i f t h e p o s i t i v e i o n energy d i s t r i b u t i o n i s 
M a x w e l l i a n ( Q 7 q = k T + ) , t h e H p t t S a i t h and Langmuir (1926) t h e o r y may 
be a p p l i e d j -
I + B a A J + ( 4 / n - 4 V / n 7 0 ) ^ f o r a c y l i n d e r . . . . . Equn. 435a. 
I = A j + ( l - V / i T , ) f o r a sphere Equn. 43b. 
where j+ i s t h e i o n c u r r e n t d e n s i t y i n t h e u n d i s t u r b e d p lasmai : l i s 
t h e p o s i t i v e i o n c u r r e n t t o the p r o b e . 
The second case ( B ) i s when an a b s o r p t i o n r a d i u s does e x i s t , o u t s i d e 
t h e p robe . The t h e o r y t o be a p p l i e d t h e n depends on t h e r a t i o r / t . 
I f ( i ) r . = t , and the i o n energy d i s t r i b u t i o n can be n e g l e c t e d ( e V . A ? - o ) , 
s o. ©. 
t he Bohm, Burhop, Kassey t h e o r y shou ld be a p p l i e d j -
I = Aon ( O . S S t K s * MJ* Equn. 44a. 
•.p e ..e + • 
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Her© the f a c t o r 0 . 5 5 i s n o t s t r i c t l y c o n s t a n t . -
I f ( i i ) r = t , and t h e i o n , energy i s v e r y much l e s s t h a n the e l e c t r o n 
ene rgy , t h e n t h e A l l e n , Boyd, Reynolds (1957) t h e o r y a p p l i e s i -
X # p = Aen^ 0 . 6 1 ( k T ^ / m + ) ^ . . . . Equn. 44b . 
I f ( i i i ) r i s g r e a t e r than t , and the i o n energy v e r y much l e s s t h a n the 
s 
e l e c t r o n energy , t h e e g u a t i o n s a re s o l v e d b y n u m e r i c a l i n t e g r a t i o n (see 
A l l e n , Boyd, Reynolds , 1957 ) . 
• The p o s i t i v e i o n t empera tu re T + cannot be f o u n d f r o m i + because t h e 
l a t t e r depends on T . However n can be f o u n d f r o m i . i n s t e a d o f u s i n g 
• e: e +p • 
t he s a t u r a t i o n e l e c t r o n c u r r e n t . T h i s i s b e t t e r because s m a l l i o n 
c u r r e n t s do n o t d r a i n t h e plasma o f charged p a r t i c l e s . I f the measured 
c u r r e n t i s f a i r l y cons t an t es t h e probe becomes more n e g a t i v e , e q u a t i o n 
4 i £ a b o v e shou ld be u sed . I f t h e p o s i t i v e i o n c u r r e n t c h a r a c t e r i s t i c has 
an a p p r e c i a b l e s l o p e , the r e s u l t s o f t he n u m e r i c a l i n t e g r a t i o n method 
s h o u l d be used . F o r a low plasma d e n s i t y t h e sheath t h i c k n e s s i s n o t 
n e g l i g i b l e , and the p r o b e - i o n c u r r e n t grow8 as t h e sheath r a d i u s and 
probe p o t e n t i a l i n c r e a s e . 
I o n i s a t i o n i n t h e v i c i n i t y o f t h e probe i s n e g l e c t e d i n t h i s t h e o r y . 
T h i s i s v a l i d f o r a s u f f i c i e n t l y s m a l l p r o b e . 
The e f f e c t o f i g n o r i n g the n e u t r a l i s i n g e f f e c t o f the e l e c t r o n s which 
p e n e t r a t e i n t o t h e sheath edge i s t o c o n t r a c t the shea th b y a f a c t o r 
( 1 . 7 ) ^ , and so t o reduce the p r e d i c t e d c u r r e n t by l / l . 7 (see Boyd and 
Thompson, 1959 ) . 
d . PRESENCE OF HEGATIYE IGHS. 
The sheath f o r m a t i o n c r i t e r i o n may be used t o d e r i v e the p o t e n t i a l 
o u t s i d e t h e sheath r e g i o n s u r r o u n d i n g a s p h e r i c a l probe immersed i n an 
e l e c t r o n e g a t i v e plasma ( n e g a t i v e i o n s p r e s e n t ) . I t i s f ound t h a t t h e 
p o t e n t i a l f a l l s t o low v a l u e s when the r a t i o o f n e g a t i v e i o n s t o e l e c t r o n s 
i s g r e a t e r t h a n 2 . Under these c i r cums tances t h e p o s i t i v e i o n c u r r e n t 
i c o l l e c t e d i s t h e random c u r r e n t across , the sheath edge J I f , however, t h e 
r a t i o i s much l e s s t h a n t w o , t h e n t h e c o l l e c t i o n o f p o s i t i v e i o n s proceeds 
as f o r an e l e c t r o p o s i t i v e gas . I n a plasma i n w h i c h . t h e r e a r e no e l e c t r o n s , 
p o s i t i v e i o n c o l l e c t i o n would depend on T . . Rocket borne Langmuir probes 
encoun te r weakly e l e c t r o n e g a t i v e plasmas ( n _ / n A much l e s s t h a n t w o ; 7_ n o t 
e . ©•. 
g r e a t e r t h a n T j . : 'She method d e s c r i b e d by Boyd and Thompson (1959) may be 
Used i n s t u d y i n g t h e i o n c u r r e n t : 
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APPEKDIX, TO CHAPTER 5 
.THE HOVISC- HEMISPHERE CURRENT EQUATIONS. 
The e q u a t i o n s f o r the i o n and e l e c t r o n c u r r e n t t o a moving, 
h e m i s p h e r i c a l c o l l e c t o r , which have been developed and a p p l i e d t o p r e d i c t 
the v o l t - a m p e r e c h a r a c t e r i s t i c s o f a double-hemisphere probe by Hoegjf 
and.Brace ( l 9 6 l ) , a re g i v e n i n t h i s append ix . 
For a probe s m a l l e r than some l o w e r l i m i t ( t y p i c a l l y one o r two 
m i l l i m e t e r s ) , t h e i o n c u r r e n t i s l i m i t e d by o r b i t a l m o t i o n . For a 
probe l a r g e r t han some upper l i m i t ( t y p i c a l l y s e v e r a l c e n t i m e t e r s ) , t he 
i o n c u r r e n t i s l i m i t e d by the sheath a r e a . (See s e c t i o n I I ) . 
: Thus t h e magnitude o f t h e sheath e f f e c t on t h e i o n c u r r e n t depends 
p r i m a r i l y on t h e s i z e o f the probe i n r e l a t i o n t o the t h i c k n e s s o f t h e 
sheath s u r r o u n d i n g i t . For example, t h e c u r r e n t t o a v e r y l a r g e c o l l e c t o r 
( say Of an e x t e n t g r e a t e r t h a n one me te r ) i s due a lmos t e x c l u s i v e l y t o 
the random m o t i o n o f p a r t i c l e s s t r i k i n g i t s s u r f a c e , and the r e l a t i v e l y 
1 s m a l l sheath ( h a v i n g a t h i c k n e s s o f a f ew c e n t i m e t e r s ) does n o t s i g n i f i c a n t l y 
c o n t r i b u t e t o t h e c u r r e n t . Converse ly , t he i o n c u r r e n t t o a v e r y s m a l l 
c o l l e c t o r i s g r e a t l y a f f e c t e d by sheath c o n s i d e r a t i o n s ( s h e a t h s i ze and' 
p o t e n t i a l ) . 
The i n d i v i d u a l p a r t i c l e t r a j e c t o r i e s a r e e s s e n t i a l l y u n a l t e r e d by 
t h e s reoqgtr ie f i e l d w h i l e i n the s h j e a t h . The p o t e n t i a l induced a c r o s s 
a probe due t o i t s m o t i o n t h r o u g h t h e geomagnetic f i e l d i s o n l y a f ew 
m i l l i m o l t s a t t y p i c a l r o c k e t v e l o c i t i e s , and may be cons ide red n e g l i g i b l e . 
The c u r r e n t e q u a t i o n s a r e d e r i v e d on t h e b a s i s o f the f o l l o w i n g 
a s s u m p t i o n s : -
The n e g a t i v e l y charged hemisphere i s surrounded by a s p h e r i c a l p o s i t i v e 
i o n shea th which i s permeated b y a r a d i a l e l e c t r i c f i e l d t e r m i n a t i n g 
a t t h e sheath edge beyond which the v e l o c i t y d i s t r i b u t i o n o f e l e c t r o n s 
and i o n s i s H a x w e l l i a n . I n s i d e t h e shea th , t h e e l e c t i o n s and i o n s do 
n o t i n t e r a c t , b u t move a c c o r d i n g t o t h e i r i n i t i a l v e l o c i t i e s and t h e 
7 
-2 
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X»» SaV«h«i»-V»»* 
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• 
- — 7C "~ ^ — ' ' k e W«>r»» 
v . 4 . 
-.1 
-78^ . 
V e l o c i t y / t h e y a c q u i r e f r o m the l o c a l e l e c t r i c f i e l d . The probe moves 
t h r o u g h the plasma w i t h a. l o v r e l a t i v e d r i f t v e l o c i t y which i s assumed 
n o t t o a l t e r t h e s p h e r i c a l symmetry o f the sheath h u t serves o n l y t o 
m o d i f y the H a x v e l l i a n v e l o c i t y d i s t r i b u t i o n r e l a t i v e t o t h e c o l l e c t o r . 
W i t h these assumptions i t can be shown t h a t t h e random p o s i t i v e 
i o n c u r r e n t d e n s i t y t o an a r ea element moving w i t h a d r i f t v e l o c i t y 
r e l a t i v e to the plasma i s g i v e n b y t -
n + e c + / i _ y 
• j + s — J i t ? x ( l + e r f \ ) • e x p . ( - \ ) j . . . . . Equri. 45 . 
where 'X i s . t h e normal component o f the v e l o c i t y o f t h e e lement and 
c^ =' 2 k T + / m + . The q u a n t i t y i n b r a c k e t s r e p r e s e n t s t h e change i n c u r r e n t 
d e n s i t y due t o the probe m o t i o n . 
The r e s u l t i n g random i o n c u r r e n t t o a hemisphere i s f o u n d b y 
i n t e g r a t i o n . 
For e l e c t r o n s , \ i s . n e a r l y z e r o . I n v i e w o f t h i s , t h e e l e c t r o n 
c u r r e n t t o a hemisphere i s g iven! b y » -
V c e „_ 2 , eV> 
where r i s t h e probe r a d i u s . 
The ne t c u r r e n t t o a s i n g l e hemisphere can t h e n be d e r i v e d . 
3/2 
The p o s i t i v e i o n c u r r e n t a l s o depends on V ' and a t r a n s c e n d e n t a l 
f u n c t i o n o f the sheath r a d i u s . Combining t h i s w i t h the e x p r e s s i o n f o r 
p o s i t i v e i o n c u r r e n t wh ich i s o b t a i n e d by t h e method above i t i s p o s s i b l e 
t o e l i m i n a t e t h e sheath r a d i u s and express t h e ne t c u r r e n t as a f u n c f i o n 
o f the v o l t a g e a l o n e . 
F i g u r e 27 shows the superposed c u r r e n t c h a r a c t e r i s t i c s so o b t a i n e d 
f o r two o p p o s i t e l y o r i e n t e d hemispheres , and t h e c u r r e n t - v o l g a g e 
c h a r a c t e r i s t i c o f such a dumbbel l a r rangement , t o g e t h e r w i t h p e r t i n e n t 
f a c t o r s i n t h e r e d u c t i o n o f i o n o s p h e r i c pa ramete r s . 
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The assumptionsmade by Hoegy and Brace (1961) must be c r i t i c i z e d 
i n t h a t t h e y do n o t i n c l u d e the modern i dea s on probe t h e o r y d i scussed 
i n t h e l a t t e r p a r t o f c h a p t e r 5. 
- 8 0 -
A STUDY OF METHODS OF MEASUREMENT OF THE ELECTRIC CHARGE ON A ROCKET 
AND OF AMBIENT ELECTRIC FIELDS USING PROBE TECHNIQUES. 
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CHAPTEH 6. SOCKET FLIGHT. 
MEASUREMENTS OB A ROCKET. 
Toe^ work b e i n g c a r r i e d o u t a t o t h e r c e n t r e s , and t h e i d e a s o f the 
people concerned ( e . g . \ Jh i t l o c k , 19601 Sayers and Cour t , 1 9 6 1 ) , have 
p roved v e r y i l l u m i n a t i n g . I n f o r m a t i o n d e r i v e d f r o m l e t t e r s , d i s c u s s i o n s 
and v i s i t s a r e i n c l u d e d t h r o u g h o u t t h i s c h a p t e r , and t h e i r v a l u e i s he re 
c o l l e c t i v e l y acknowledged. I n a d d i t i o n , d i s c u s s i o n s w i t h i n t h e d e p a r t -
ment where t h i s r e sea rch was u n d e r t a k e n have p r o v i d e d the same s o r t o f 
s t i m u l u s , and. B r J . A . C h a l m e r s , Dr V . C . A . H u t c h i n s o n and Dr W.A.Prowse 
shou ld be s p e c i f i c a l l y ment ioned i n t h i s c o n t e x t . 
The p r e v i o u s chap t e r s p r e sen t a survey o f t h e l i t e r a t u r e r e l a t i n g 
t o v a r i o u s a spec t s o f t h e work , and the nex t s e c t i o n d e s c r i b e s t h e 
e x p e r i m e n t a l work c a r r i e d ou t unde r t h e guidance o f Sr H u t c h i n s o n . But 
t h i s c h a p t e r i s concerned w i t h what i s r e a l l y t h e core o f t h e problems 
"How does a l l t h e m a t e r i a l a v a i l a b l e a p p l y when one t u r n s t o the t a s k 
i n hand - t h e making o f measurements on a r o c k e t ? " 
The c h a p t e r i s d iv / i ded i n t o two p a r t s - r o c k e t expe r imen t s , and a 
d e s c r i p t i o n o f t h e r o c k e t l a b o r a t o r y . 
1 . ROCKET EXPERIHEBTS. 
a . SOME GENERAL COHSIDEBATIOHS. 
( i ) A r o c k e t i s s u b j e c t t o c e r t a i n haza rds (Sc ience Hews 4 8 ) . 
F o r example X - and u l t r a - v i o l e t r a d i a t i o n d e s t r o y r u b b e r and c e r t a i n 
o r g a n i c m a t e r i a l s . H e t e o r s d e s t r o y g l a s s f i n d o w s . 
( i i ) The t empera tu res on t h e nose cone o r p r o j e c t i n g p a r t s o f a 
r o c k e t may, owing t o a i r f r i c t i o n , reach s e v e r a l hundred degrees K e l v i n 
on ascent ( B o y d , 1959)* 
( i i i ) A r o c k e t o r s a t e l l i t e i s s u b j e c t t o a d r a g ( B e r k n e r , 1958c) 
caused b y ( a ) c o l l i s i o n w i t h n e u t r a l p a r t i c l e s , and ( b ) the passage o f a. 
charged v e h i c l e t h r o u g h an i o n i s e d medium. The mechanisms f o r c h a r g i n g 
To $«te 02. 
2ic*. bV al<o 
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are the high electron velocity .and;pi£o.toefiiission which have opposite 
effects to each other.(Sniddy, 1959). 
( i v ) The source of ionospheric electrons may be taken (Berkner, 1958c) 
to be radiation from the solar corona at a black body temperature of 70 eV, 
The high energy t a i l of the electron velocity distribution i s of the order 
of 60 eV. She fraction of the electron population at such high energies 
i s of course small, the energy of a fast electron being quickly reduced 
by ionisation and electronic excitation u n t i l i t reaches the threshold 
for the la t ter process (at 2 eV). 
(v) An estimate (Berkner, 1958c) of the high energy electron popula-
tion suggests that one electron i n a thousand has an energy of the order 
of 60 eV. At these energies the random velocity ratio v At. i s of the 
order, of 1000, and the f lux of 60 eV electrons i s equal to the positive 
ion. f lux . The time for energy degradation of a 60 eV electron i s about 
10 seconds, so this i s the time i n which the high energy electron popula-
tion disappears when the sun sets. 
(v i ) In considering shielding theory, ve must remember (Berkner, 1958c) 
IBatfifr£od vehicle speed i s much greater than the ion speed, then the 
sfce* . . . . . 
ion/distributibn continually experienced by the vehicle does not have time 
to adjust i t s e l f . 
U.S.A.P. EXPERIMENTS. 
A rocket experiment has been designed using two probes (see figure 28) 
to measure vehicle charge and ambient f i e l d . A sensitive A.C. amplifier 
between a probe and the t ip of the nose cone gives the external variation, 
while a D.C. amplifier between another probe and the t i p gives the effect 
due to the rocket (Smiddy, 1959)* 
The D.C. amplifier has a time constant very much less than the 
rotation period of the rocket, while the A.C. amplifier i s tuned to the 
rocket rotation frequency. The output from the D.C. amplifier is proportional 
to the vehicle potential with an added A.C. component proportional to the 
ambient f i e l d . Aspect sensing cameras allowed fo r the complexity of the 
rocket motion. 
The potential of the rocket relative to the surroundings was found to 
be between 0 and 10 volts, the effects of photoemission oppose the effects 
of electron capture. These are the main charging processes. Charged 
particles fjrom the rocket i n f l i g h t build up a potential but thJLs i s 
soon lost . Other results (Smiddy, 1960) show that the vehicle potential 
turns out to be of the order of -1 vol t and the potential gradient of the 
order of 60 mv/metre. This i s subject to correction because photo-emission 
from the probe surface w i l l give the vehicle a positive potential with 
respect to the surroundings. An indication of this photo*mission potential 
i s obtained by seeing what happens when the probe enters the rocket shadow. 
However the probe time constant i s only l /5 of the time in the shadow. 
Re-entry data start at a height depending on the vehicle velocity -
this height being higher for a fast vehicle, lower for a slow one - but i n 
the region of 60 kms. Re-entry data are available from intercontinental 
ba l l i s t i c missile shots. Telemetry transmission usually f a i l s during re-
entry and so these results are recorded i n the vehicle and played back 
later. The chief characteristics of re-entry are the production of t re -
mendous f ie lds at the nose conet- 5000 to 16,000 v/m. 
Fields of the order of 200 v/m have been measured with f i e l d meters 
on a rocket. The f i e l d at the surface of a rocket must depend on the 
potential distribution within the unipolar charge sheath surrounding the 
rocket. 
c. RUSSIAN EXPERIMENTS. 
The vehicle charge was measured on Sputnik I I I (Hay 1958) and found 
to be negative and high.. The earth's electrostatic f i e l d was 10 to 100 
times the value which had previously been assumed. 
I t appears that the density of charged particles was found using 
Langmuir probes, and pairs of electrostatic voltmeters pointing i n 
opposite directions made i t possible to allow for the sheath f i e l d (Boyd, 
1958). 




l i th i the apparatus indicated (figure 290» the sawtooth variation 
7Q permits the measurement of the vehicle potential relative to the 
plasma potential (Krassovsky, 1959). 
Let 9^ t r a p equal the voltage of the grid with respect to the 
surroundings, and le t equal the voltage of the vehicle with respect 
sp 
to the surroundings (figure 50b). 
When V = 0, j f« _ - 4 - H°w 4 i s negative, and V moist run xrap sp " sp 
positive before j f ^ ^ = 0. As V becomes more positive, i t reaches the 
retarding potential for the collection of positive ionst-
e rfwt = i m 7 s 2 ? 
* idle re m i s the mass of the heaviest ions which are tropped, and V i s 
:the vehicle speed, which i s very much greater than.the average ion 
velocity, Typical results were obtained with voltage impulses every 
two seconds of 0 .2 sec duration with the apparatus mounted on Sputnik I I I . 
For tf^pap = 0 , the voltage i s given by V * 6 .4 volts , or i n other 
words, Cf = - 6 . 4 volts (figure 35L)-
The results published werei-
- 6 . 4 volte ( i . e . T f t = 15,000°K) at 795 km 
-2 .0 volts ( i . e . T • 7,000°K) at 242 km 
e 
d. MICHIGAN UNIVERSITY EXPERIMENTS. 
The University of Michigan have used a rocket-borne adaptation of a 
'Langmuir probe to measure the properties of the E-layer of the ionosphere 
(Hok et a l , 1953, 1954, 1958). Earlier attempts to use a rocket-borne 
probe were usually hampered by design concessions made for other 
experiments, considered primary, on the same rocket. The probe described, 
by Boggess (1959), was completely separated from the carrier vehicle 
and therefore no design compromises of this kind were necessary. 
F t y n u . GiVoUt tube CHi*^*) -
e s s 
-us* 
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One particular bipolar design using two six inch spheres separated 
by a 10 inch long, 2^ inch diameter cylinder was chosen* In this 
. particular design the spheres were spli t and the outer hemispheres acted 
as Information electr6des. • '. , • ,The: inner he mi sphere -siacted' as guard electrodes. The equal area double electrode probe causes the 
least disturbance of the plasma which i s being measured. 
Important accomplishments of the experiment were the f i r s t measure-
ments of electron temperatures and ion number density i n the altitude 
range between 112 km to 177 km, and the successful ejection of the probe 
in working order from a rocket moving at a high velocity. 
The work i s of interest because the simple arrangement of a rocket 
borne probe behaves as an unequal area bipolar probe system, the rocket 
i t s e l f behaving as a probe. 
A schematic diagram of a bipolar probe i s shown (figure 32) and 
(figure 35) the corresponding potential diagram i s given. 
The potential, of each probe with respect to the space potential 
adjusts i t s e l f according to the current-voltage characteristic of the . 
probe considered, and to the requirement that the currents to the probe 
are equal and opposite. 
The single probe characteristics are shown (figure 340 and the 
resulting bipolar probe characteristic i s given (figure 3^ 0 • 
I t was assumed that outside the sheath there i s a region of ambipolar 
diffusion which continuously replaces the ions and electrons collected 
by the probe from the sheath. The potential gradient'in this region i s 
small, but the concentration gradient of ions and electrons i s appreciable. 
I t should be borne i n mind that the modem probe theory holds that 
the presence of an electrode i n the plasma i s responsible fo r the ion 
current flowing to i t by reason Of i t s influence, as a boundary condition, 
on the potential distribution in the plasma. (See the introduction to 
chapter 5 on probe theory). 
-86-, 
e. BIEBIHGHAH UNIVERSITY EXPEfllSLEHTS.. . 
The Ionosphere has been successfully simulated (Dickinson and Sayers 
196O) i n a laboratory experiment designed to study ion charge exchange 
reactions i n oxygen afterglows. In the decaying plasma, despite the 
absence of temporal equilibrium, thermal equilibrium obtains between ions 
and electrons. This situation i s l ike that i n the ionosphere and, 
moreover, i t is possible to have particles of similar energies. These 
experiments have confirmed that dissociative recombination with molecular 
faygen ions produced by a charge exchange reaction could be the primary 
electron loss process i n the F2 layer. 
I f the electric vector of a wave i s represented by E = E osin2nft, f 
being the frequency, then the alternating current to which this gives 
rise i s represented byt- I = (6_ - n e /m (2nf) )E 2nfcos2nft. For the 
0 e e o 
experiment about to be discussed f i s 10 Hc/s (which i s not near the gyro-
frequency (lHc/s) and i s much greater than the collision frequency). Thus 
the dielectric constant of a plasma is modified i n a manner which depends 
on the electron concentration. So i t has been possible to design apparatus 
to f ind the electron concentration by a measurement of the capacitance 
between two insulated plates at space potential. In an earlier form of 
thiB experiment (Sayers, 1959), the t ip of the rocket was used as a probe 
and insulated from the nose cone. The variations i n probe capacity were 
determined by using i t to modulate the frequency of a local oscillator. 
Since the potential acquired by the rocket body was unknown the potential 
of the insulated cone with respect to the rocket was varied linearly -
sawtooth waveform - providing ah opportunity of identifying the condition 
that the nose cone is at local space potential (maximum measured electron 
concentration). 
A mass spectrometer (Sayers, 1959) has been flown in which ions 
dif^^fuse through an outer cylindrical grid and are accelerated by a known 
direct current voltage to an axial collecting rod. Pulses of ions are 
admitted to this sage by varying the grid potential and the ions are 




dispersed i n time of arrival at the central collector according to their 
masses. In order to identify the space potential relative to the rocket 
a slowly varying "staircase" waveform was applied to the outer grid af ter 
the manner of the sawtooth waveform i n the plasma dielectric method. Graphs 
of rocket potential relative to space potential plotted against altitude 
Vi>bo .r6p:.±m.s"j&cbhov similar results to those obtained by Johnson and 
Hepner at Fort Churchill using Aerobess i n 1958 ( Sayers, 1960). 
Apparatus designed at Birmingham and intended fo r rocket f l i g h t i s 
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tested i n a large tank. The pressure i n this tank can be reduced to 10 mm 
i n half an hour. An A.C. or B.C. plasma i s created in what i s (comparatively) 
an extremely small side chamber and diffuses by an ambipolar process through 
a hole into the tank (Sayers and Court, 1961^. 
f . UNIVERSITY COLLEGE (LONDON) EXPERIMENTS. 
The work at University College, London, has been described by Boyd 
(1954 to 1960). The laboratory simulation of upper atmospheric conditions 
i s carried out by Boyd and his colleagues using a wind tunnel. This i s a 
pressure wind tunnel designed to give j#ts with velocities of mach numbers 
1 to 3 by expanding a superheated je t of mercury vapour. This je t stream 
is ionised by a radio frequency discharge. 
The problems of using Langmuir probes i n spacejhave been discussed by 
Boyd i n relation to a probe flown i n the Skylark rocket (figure 36) • 
The problem i s to make measurements from a gassy rocket during i t s 
transient encounter with the ionosphere. 
In the ionosphere there i s both thermal and temporal equilibrium, at any 
rate i n the lower E and D regions, to a good approximation. Boyd has 
pointed out that a closely integrated experimental and theoretical research 
into the operation of probes i n plasmas i n thermal equilibrium in the 
laboratory would be most valuable. 
In the laboratory, probe potentials are referred to an electrode. In 
d  
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a rocket the potential of the system as a whole.must adjust i t s e l f so that 
there i s no. net flow of current to- the system. The probe current i s limited 
by the flow.of positive ions to the-more negative electrode. Thus 
observations are only possible on the positive ion part of the characteristic. 
Before any deductions are drawn from the positive ion part of a rocket 
.Curve. 
probe/very careful attention must be paid to the situation at the sheath 
edge. In particular the form of the positive ion velocity vector distr ibu-
tion must be taken into account. 
The total area o f zero or positive potential with respect to space 
must be a very small fraction of the missile area. The positive ion current 
collected by the rocket should be larger than the electron collection by 
the positive areas and thus permit th^e la t ter areas actually to assume 
zero or positive potential with respect to space. 
I t would greatly increase the possibility of reliable interpretation 
i f i t were possible to obtain probe curves giving the electron collection 
part of th_o characteristic up to saturation. Here the basic problem is to 
return to the ionosphere from the rocket a current equal to that collected 
by the probe. This might be done by means of thermionic emitters at some 
part of the rocket distant from the probe, or by creating at such a part 
an intense radiofrequency plasma such that the positive ion f lux from the 
plasma to the rocket i s ample to neutralise the electron flow to the probe. 
The problem of returning the collected charge to the plasma through 
a low impedance path i s not serious with a probe diameter of 6 mm, fo r 
which the probe area i s very much uless than the rocket area. Photo-
emission and the collection of positive ions may be expected to give quite 
a.low impedance between the rocket and the ionosphere. I f the impedance 
i s high, the voltage of the rocket i s changed by the return of current. 
Since i t i s d i f f i c u l t to clean the probe from oxide^ and oxygen during 
f l i g h t a sufficient voltage must be applied so that the saturation current 
flows despite the voltage drop in a surface layer. 
There are regions: where the .mean, free path i s neither large nor 
small.compared with the probe (and rocket) dimensions, so that neither 
free motion nor diffusion approximations are val id . IoniBation densities 
are such that' sheaths may bo many centimetres thick. There are negative 
ions present. 
The potential of the rocket depends on photoelectric emission and 
electr if icat ion by f r i c t i o n , as ve i l as on the electrical state of the 
ionosphere. The effects of photo-emission from the probe and i t s structure 
may be allowed for by.the use of two electrodes set into the surface of 
the probe - one sunlit and the other i n the shade. The aspect of the 
rocket also controls the potential to some extent. (The photoelectric 
-5 i 2\ 
current i s of the order, of 10 amps/m ) . 
The supersonic vehicle velocity transforms the ion velocity distr ibu-
tion into one which i s not isotropic. 
In the D. region the probe should be well ahead of the shock wave, 
and remote from the electrical influence or contamination from the rocket. 
The second derivative of the function which represents the probe 
characteristic cannot be obtained from the telemetered signals but must 
be prepared electronically i n the'rrocket i t s e l f . 
2. THE ROCKET LABORATORY. 
a. ROCKET PROPULSION. 
Rocket propulsion (Sutton, I ^5*6) i s of interest from two standpoints -
f i r s t l y , because we have to take the rocket trajectory into consideration! 
and secondly because we are interested i n any possible contamination of 
the rocket surface. 
In general the velocity attained by a rocket (v^) i s given byt-
v_ = v log R Equn. 46. 
r e e 
where v i s the exhaust velocity and (R - l ) = Mass of Fuel/feass of Rocket. 
This formula neglects ( l ) the effects of the acceleration due to gravity 
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vhich are small i f the combustion time i s small, and ( i i ) a i r resistance, 
which reduces the velocity by about110$ (Science News 48). 
Prior to launching (Berkner, 1958 a, b) , the propellants are contained 
within their tanks by thin aluminium burst-diaphragms. At the instant of 
f i r i n g , high pressure helium i s fed into the propellant tanks. The 
propellants, under pressure, rupture the diaphragms and flow into'the 
thrust chamber where they ignite spontaneously. Valves prevent the con- -
tamination of the upper atmosphere by unused propellant. 
The propulsion may be i n two stages - for example the Aerobee i s pro-
pelled by a "booster" which uses solid fuel and brings the velocity to 
300 m/sec before the booster f a l l s away, and by a "sustainer" which pro-
pels the rocket for 45 sec to a height of about 30 km and a velocity of 
1.25 km/sec (Saiddy, 1959). 
The propellant tanks contain the fuel and an oxidiser. In the Aerobee-Hl 
the oxidiser i s red fuming n i t r i c acid (6.5$ excess oxides of nitrogen) 
and the fue l i s a mixture of aniline and f u r f u r y l alcohol. The oxidiser/ 
fuel ratio is 2.58. Aniline- i s readily oxidised and at normal pressures 
i t even undergoes aerial oxidation. The fuels have three main advantages 
- that of being readily available, a high density, and the property of 
self ignit ion (Neat, 1960). 
With a l l the "High Altitude Sounding Rockets" (q.v.) of the USAF Space 
Flight Physics Laboratory, the thrust of the vehicle i s terminated i n the 
sensible atmosphere ( i . e . at an altitude of 40 kms). Above this the 
vehicle i s i n a ba l l i s t i c trajectory. 
The thrust produced by the Aerobee-Hl booster i s 18,000 lb x 2.5 sec, 
and by^ tfce sustainer 4100 lb x 50 sec at a specific impulse of 198 lb sec/lb. 
EXOS i s a rocket with three solid propellant stages - Honest John, . 
Bike booster, and Recruit. J.-
To lf*^€ 
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fable fo r Trajectory Calculations - Freo Fall 
(2e)*x (g)* C2e)V(e)^ a(2e# 
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1 km/sec 0..95 
.88 
118.3 eeo .82 
.77 
•72 
• • .69 
.66 
1.5- km/sec .64 
.60 
167.3 sec .59 
.57 
.55 
• i 53 , 
.52 
• .51 




2.2 km/sec .45" 
s = distance froa peak of trajectory, g = acceleration due to gravity. 
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AEROBEE 300 - i s a standard Aerobes. 150 (with i t s solid booster) with a 
solid propellant engine, Sparrow, added. The Sparrow i s ficed immediately 
upon cessation of the Aerobee thrust. The nominal burn out time of the 
Aerobee i s 52 sec. The Sparrow i s a 1.8 sec burner. 
AEROBEE 150 - i s a booster assisted l iquid propellant rocket which i s 
tower launched. The nominal burning time i s 52 sec. This rocket i s also 
called the Aerobee HI. 
(BOTE OH,IONIC PROPULSION. 
Ionic propulsion (Summerfield, 1961) for very fast space vehicles i s 
a completely new technique. The thrust of an ion j e t of 1 ktJ power leaving 
the nozzle at the relatively low speed of IQr m/sec i s only 2g. But there 
exi sts no other method by which matter.could be ejected.at, say, ten times 
Sputnik speed. The development of high-power ion guns, with neutralisation 
of the ejected space-charge by electrons ie a d i f f i c u l t problem, owing to 
certain inherent instabi l i t ies when ion and electron streams move together). 
b. ROCKET TRAJECTORY. 
The f i r s t graph (figure 37) shows the velocity-time curve fo r the 
"High Altitude Sounding Rockets*(q.v.) of the U.S.A.P. Space Flight 
Physics Laboratory. The thrust of the vehicle is i n each case terminated 
in the sensible atmosphere, and after this the vehicle i s i n a ba l l i s t i c 
trajectory. During this ba l l i s t i c trajectory, the free f a l l equations 
may be used fo r a f i r s t approximation, and graphs may be constructed from 
the table.(figure 39). The other graph (figure 38) shows the effect of 
payload on the altitude which can be obtained. 
The Aerobee HI has a maximum velocity of 2.2 km/sec and can attain 
a maximum altitude of 310 kms. We are interested i n making measurements 
above about 100 kms, which i s well above burnout height. The Aerobee 
trajectory i s such that i t lands 50 kms from take o f f point in a f l i g h t 
time of 15 minutes. To a f i r s t approximation, the rocket cuts through 
the region of interest ver t ical ly , once on the way up, once on the way 
down. 
The dimensions and weights of the rocket and i t s payload vary 
according to the research tasks. Typically, the gross weight i s 700 Kg 
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and the payload 70 Kg. The maximum pay load i s 90 Kg. Recovery of 
information i s possible:'if a. parachute i s added i n another section. The ' 
weight of this equipment i s 36 Kg, so the maximum payload i s then 54 Kg. 
The Aerobee HI was produced in two versions ( fo r the U.S. Navy and the 
U.S.AiP.) by the Aerojet-General Corporation, Azusa, Caafornia. (The 
Air Force rocket carries less propellant). This rocket can carry a 70 
Kg payload to a height of 235 km from a launching elevation of 1*22 km 
and 230 km assuming a sea level launching. The payload includes the 
sensing element, the telemetry system, the supporting structure and the 
enveloping skin, estimates of these weights being obtainable from the ' 
U.S.A.?. space vehicle engineering section. The choice of rocket depends 
oh fayload requirementst-
E.g. 23 Kg to 160 km Nike Cajun. 
23 Kg to 480 km Exps Aerobee 300. 
46 Kg to 100 km Aerobee 100. 
69r Eg to 240 km Aerobee 150. 
included amongst extensions available are a 10" section, a 15" section, 
a nose recovery parachute, and a body recovery parachute extension. A 
l imi t of 30" of extension has been set on the basis of aerodynamic 
s tab i l i ty . ' The extensions are constructed of magnesium and the nose cone 
of spun aluminium. 
The Aerobee has been described by Berkner (1958a, b)f Smiddy (195^) 
and i n Science News 48. 
The elementary theory of projectile trajectories (figure 40) i s 
presented i n the form of a table (figure 39). 
. The trajectory, with the notation of figure 40 1B given by»-
$ = t vmax c ° S / Equn. 47a 
•Z = t v sin / - £ gt . . . . . Equn. 47b 
C. PROBE LOCATION. 
Af te r burn-out of the fue l* and before the vehicle re-enters the dense 
atmosphere* i t moves f r ee ly i n the gravi ta t ional f i e l d . The motion of the 
rock et i s determined by whatever l inear and angular momenta i t had when the 
external forces (rocket motor, steering'jets* or aerodynamic forces) ceased 
or dwindled to insignif icance. I n general i t may be assumed (Science Hews 
48) that unless special steps are taken to s tabi l ise i t , any vehicle w i l l 
rotate about i t s centre of gravi ty and at the same time execute a r o l l 
and precessional motion to a greater or less degree depending upon the com-
ponents of angular momentum para l l e l to and normal to i t s major axis . I n 
the case of a long cy l indr ica l object l i k e a rocket t h i s means that i n 
general the vehicle r o l l s (at a rate of about 1 r . p . s . f o r a medium-size 
rocket) about i t s length* and at the same time rotates much more slowly 
about some axis through i t s centre of gravity.and at an angle to i t s 
length. This motion i s not wholly undesirable. I t provides a means by 
which sun-sensitive devices, f o r example* may simply and automatically be 
brought in to a correct orientat ion f o r a short time du w r ing each revolution. 
Of course, the axes of rotat ion are f ixed i n space* and not re la t ive to the 
f l i gh t "pa th . A rocket that ascends nose f i r s t to i t s apex descends t a i l 
f i r s t u n t i l i t enters the dense atmosphere again. 
d. HOSE COKE. 
Exos has a nose-assembly which i s 22.9 on i n diameter and 1.22 mttreB 
long* being cy l ind r i ca l i n shape with an attached cone. Instrumentation 
i s affected by severe heating problems, and the diameter .of a l l the 
apparatus must be less than 20.3 cm to give s u f f i c i e n t clearance. 
The Aerobee 300 has a cy l indr i ca l payload section with a conical 
nose. The outside diameter i s 20.3 cm and the length i s 1.22 metres. 
The Aerobee. 150 payload section has a 33 cm base diameter and i s 
about 2.2 metres long with a useful volume of 0.1 cubic metres. Standard 









The nose cone i s constructed of spun aluminium and npdnted with heat 
resistant paint. . Doors can be f i t t e d , and i n fac t i t i s possible to cut 
a s lo t going the vhole length of the nose.cone. (See f igure 4 l ) . 
e. APPARATUS REQUJLRIHE1ITS. 
The requirements f o r rocket apparatus hav^been described by Saiddy 
(1959)* Cameras can be used to get aspect information bu t . th i s w i l l reduce 
the space. There must be a b u i l t - i n ca l l i b r a t i on system. This w i l l give 
"zero" when the t&emetry i s turned on. The zero' should not be 0, and a 
suitable zero would be. 1 v o l t . There are four teeaetry channels. The 40 
and .20 kc/s channels take 1000 cycle/sec var ia t ions, the 14 kc/sec channel 
responds up to 100 c/s, and the 7 kc/sec channel i s 60 point commutated. 
Timing mechanisms must be included. A 28 v o l t B.C. power supply i s 
available, and requires smoothing. The information i s required i n the 
form of a 0 - 5 v o l t signal. 
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P.REFACE TO SECTIOB I I 
DESCRIPTIONS OF EXPERIMENTAL WORE. 
Daring the two years of research the di rec t ion taken by the experimental 
work was changed many times, under the influence of discussions and increas-
ing knowledge of the subject, which was a completely new one f o r the 
Department. Thus a chronolgical account of the work would scarcely be 
appropriate, the main value of the experimental work i t s e l f being the 
understanding i t has given of some of the l i t e r a t u r e . 
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VACUM TECHNIQUE - IHTBODUCTION. . 
Vacuum technique vas the most preoccupying part of the experiments. 
As th i s whole work i s being wri t ten as .an introduction to newcomers to the 
subject, the lessons learned here are p u t . i n a form which should make f o r 
easy reference f o r such a reader. . Thus the rudiments o f . t h i s subject are 
presented under three headings - theory of vacuum technique, vacuum system 
components, and materials used i n vacuum work. The sources of information 
are Martin and H i l l (1947), Edwards' ( l 9 6 l ) Speedivafe/a Catalogues, and 
Braddick (1956). 
The experimental arrangement used f o r pumping down the vacuum chamber 
i s shown i n f igure 42. 
1. THEORY OP VACUUM TECHNIQUE. 
a. UNITS OF PRESSURE. 
Some co nfusion exists over the un i t s of pressure. B r i t i s h Standard 
2951t1958 i s a glossary of terms recommended f o r use i n the high vacuum 
f i e l d . This standard l i s t s the " torr" and i t s sub-multiple the " m i l l i t o r r " 
as uni ts of pressure, 760 t o r r being equal to 1 standard atmosphere. For 
a l l practi^jcal purposes therefore 1 t o r r - 1 mm Hgj 1 m i l l i t o r r = 1 gicron Hg. 
Throughout t h i s work pres. -sures have been expressed i n mm.Hg. 
b. USES OF VACUUM TECHNIQUE. 
The main usee of vacuum technjlque are:- ( l ) to secure f o r atomic 
and molecular par t ic les paths which are r e l a t ive ly free from c o l l i s i o n , and 
( i f ) to preserve surfaces r e l a t i ve ly free from contamination. 
c. PUMPING SPEEDS. 
Pumping speeds are given by th i s r e l a t i o n : -
p = p Q exp (-St/y) . . . . . Equn. 48. 
where S i s the pumping speed of the opening. At 500°K the value of S f o r 
a i r (per un i t area of opening) i s 11.7 l i t r e s per sec. The speed of any 
pumping system m_ust always be less than the "hole" speed of the o r i f i c e 
presented to the vacuum ch_amber. I n practice absorption or emission of 
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gas by the walls i s important. A tubular connection o f f e r s resistance to 
molecular f low. The directions of par t ic les bouncing o f f the wall have a 
random d i s t r i bu t ion , so only part of the incident gas passes along the tube. 
The pumping speed of a tube i s less than the pumping speed of an o r i f i c e of 
the same radius. Pumping speeds of d i f f e r en t sections may be added i n series. 
d. CHOICE OF PUMP. 
The choice of a pump must be based on four cdnsiderationse (a) the 
size of the vacuum system, (b) the ultimate vacuum required, (c) the pumping 
time available, (d) the quantity and type of process gases and vapours. There 
are few vacuum systems without vo la t i l e s present and outgassing leaks, de-
gas_3ing and the presence of gases evolved during the process concerned 
almost i n v a r i a b l y increase the size of the necessary pump. 
Some pumps operate on the displacement p r inc ip le . I n rotary o i l pumps 
the o i l f i l l s the dead spaces and so allows a high compression ra t io to be 
obtained} i t seals the moving piston against leaks, besides lubr ica t ing and 
cooling the pump. The pumping speed i s low at low pressures. The f i n a l 
vacuum i s ch ie f ly l imi ted by the dissolved gases and vapours which con-
taminate the o i l . 
Al ternat ively, pumps may operate on the d i f f u s i o n pr inc ip le . When the 
pressure has been reduced so that the mean f ree path of a molecule i s of 
the otder of a mi l l imetre , i t i s possibles to use pumps which depend d i r ec t ly 
on the k ine t i c behaviour of molecules. I n d i f f u s i o n pumps molecules entering 
the pumping region are swept away by a stream of napour. Vapour d i f f u s i o n 
pumps are used f o r the highest vacua. Vapour booster pumps are used f o r 
high speed pumping i n the region where the displacement of other types of 
pump i s rapidly f a l l i n g . Residual gas i n a system may combine .with a "getter" 
to form compounds of low v o l a t i l i t y . 
0. AIR BALLAST ROTARY PUMPS. 
I n a rotary pump, when the moving .rotor has compresseud the trapped 
gas to s l i g h t l y above atmospheric pressure, a discharge valve opans and 
the gas i s blown out of the pump through a sealing o i l bath. At low 
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permaneht gas pressures condensable vapours are compressed to the i r 
saturation point before the discharge valve l i f t s , causing l i q u i d to bo 
ejected in to the sealing o i l . Tho l i q u i d , which cannot escape from the 
pump, circulates with the o i l and evaporates into the vacuum system, 
causing a deterioration i n the ultimate pressure attainable as v e i l as 
impairing the sealing and lubr ica t ing properties of the^oil. The a i r 
bal last method cons i s t s of introducing a i r at atmospheric pressure through 
a one-way valve into the volume between the moving blade and the discharge 
valve while i t i s s t i l l at a comparatively low pressure, linen th i s volume 
i s compressed pr io r to expulsion the discharge valve l i f t s before the 
p a r t i a l pressure of the vapour component i s su f f i c i en t to cause condensation. 
f . TRAPS. 
Single stage rotary pumps w i l l produce a vacuum of 0.005 mm.Hg. The 
vapour pressure of water i s 12 mm.Hg. Water w i l l also contaminate the pump 
o i l . For these reasons a dess^cant must be used. The ultimate vacuum 
obtained from a mercury vapour pump, assuming the design to be sat isfactory, 
i s l imi ted by the presence of mercury vapour. At 20°C the vapour pressure 
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of mercury i s 1.2 x 10 * mm.Hg. A refr igerated trap i s placed between the 
pump and the vacuum system f o r work"at lower pressures. 
g. OUTGASSIBG. 
Glass and metals hold large quantities of gas both i n solution and as 
adsorbed surface layers. Adsorbed gas may be removed from glass by heating 
to 300°C. I n practice, during the baking out of a glass vacuum system, 
the temperature i s maintained as closely as possible to thejannealing temp-
evature. Metals may be outgassed by heating i n vacuo to temperatures 
somewhat below the fus ion point. Since the outgasaing process i s p r inc ipa l ly 
one of gas d i f f u s i o n the temperature of the metal should be as high as 
possible. Electroplated surfaces are good provided they are unbroken, but 
cracked surfaces are too often p r o l i f i c sources-of gas. 
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2. VACUUM SYSTEM C0HP0HENTS. 
a. PUMP. 
The pump used by the author H E B an Edwards' 2SC50 two-stage gas 
bal last rotary high vacuum pump., I t can obtain an ultimate vacuum 
without bal last of 0.0002 mm.Hg» with f u l l ba l las t , Ov.003 mm.Hg. These 
pressures are measured by.Ca HcLeod gauge since the pump o i l has a vapour 
pressure which may be greater than that of the permanent gases i n an 
evacuated system. The pump has a displacement of 48 l i t r e s per minute, 
and i s driven by a l / 3 h .p. motor. 
b. HOUUTIHGS. 
The pump stands on an t i -v ibra t ion mountings, each one consisting of 
two "U"-shaped metal pieces separated by rubber bondings. 
c. HAMIFOLD. 
The manifold (Edwards' type 5A) f i t s immediately above the non-return 
valve at the pump i n l e t . tihen f i l l e d with phosphorus pentoxide, i t i s 
suitable f o r use as a moisture t rap. I n the presence of excess desicfiant, 
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the approximate water vapour pressure i s 1.6 x 10 mm.Hg.- When f i l l i n g 
the manifold, the surface i s l e f t rough, and furrows are drawn accross 
i t to increase the exposed surface area. A i r i s admitted slowly to avoid 
blowing the desiccant out of the trays. 
d. VALVES. 
An Edwards' "Speedivalve" was used. These are designed so that a l l 
moving parts are isolated from the vacuum system which i s sealed by an 
elastomer diaphragm, fc'hen open the valve gives f u l l pipe area with clean 
flow l ines to obviate t h r o t t l i n g e f f ec t s . The Edwards' Non-return valve, 
mounted on the i n l e t flange of the pump, did not prove sat isfactory. A i r 
must always be admitted to rotary vacuum pumps before they are stopped, 
otherwise the pump o i l w i l l be forced into the vacuum system. Edwards' 
a i r admittance valves were used. One was a type OSIC vacuum sealed needle 
valve hating a dependable spindle seal, and a d i a l pointer that can be 
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zero adjusted. The other was a type RS1A brass air-admittance valve with 
vacuum iso la t ion given by a rubber-nosed spindle, which i s prevented from 
ro ta t ing during operation. 
The pump was run continuously and the pressure controlled by using 
the a i r admittance valves as adjustable leaks, by using the speedivalve 
as a t h r o t t l e , by inser t ing extra a i r reservoirs, by suitable ballast 
settings, or by re ly ing on ultimate equilibrium. 
e. GAUGES. 
The thermal gauge (Edwards' Pirani type B2) operates by the change i n 
temperature - and hence resistance - of an e l e c t r i c a l l y heated filament as 
the heat conductivity of the surrounding gas changes with pressure. The 
resistance change i s measured oh a meter as the out-of-balance current o f . . 
a Uheatstone bridge network. The gauge gives continuous readings and 
indicates t o t a l pressure, but i s gas dependent. 
The IlcLeod gauge depends on a direct application of Boyle*s Law. The 
trapping and compression of the vacuum system gas i s arranged f o r by ra is ing 
a reservoir so that mercury rises into the gauge head, i n the "Vacustat" 
the same e f f ec t i s obtained by gravi ty , the reservoir being raised by 
revolving the complete gauge head. These compression gauges condense out 
system vapours and indicate p a r t i a l pressures. They indicate a lower 
pressure than the Pirani gauge. Readings cannot be taken continuously. 
The pressure indicated does not depend on the gas. 
f . HIGH-FREQUEHCY LEAK-TESTERS. 
A control varies the distance between contacts which aro coupled 
through condensers to feed a Tesla c o i l connected to aerobe. They w i l l 
give a glow discharge i n gasos a t pressures between 1 and5.1 mm.Hg. They 
cannot be used near an electrode seal. I t i s possible to f i n d a leak by 
obtaining a pink discharge. The suspected areas are pai^ntod with acetone, 
alcohol or ether and i f there i s a leak, the colour of the glow discharge 
v i l l i change from pink to pale blue. These solvents may of course dissolve 
the j o i n t i n g compounds used i n the system. •34^ C S ! S S ? ? ?X 
( 2 9 SEP 1978 ) 
V 8E0TI0H y 
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3. MATERIALS USED IB VACUUM ttOHK. 
a. OIL. . 
The o i l used i n the 2SC50 pump was not the mineral o i l recommended f o r 
rotary vacuum pumps without the a i r bal las t f a c i l i t y , but an additive-type 
o i l . These o i l s are blended with mul t i - funct ional additives selected f o r 
minimum v o l a t i l i t y so that they w i l l not be d i s t i l l e d out of the o i l or 
s ign i f i can t ly contribute to the o i l vapour pressure. Edwards' Grade 17. 
was used at f i r s t , and l a t e r grade. 18, which i s of heavier v iscos i ty . The 
o i l i n the i n t e r i o r of a mechanical high vacuum pump may be subject to 
contamination by condensed or dissolved vapours or gases from the vacuum 
system being pumped. Ai r bal las t i s usually s u f f i c i e n t to remove 
condensable vapours. 
b. TUBING. 
Uhen tubing made from rubber or plast ics i s used i n a vacuum system 
at pressures below 1 mm.Hg., i t tends to 'outgas', i . e . to emit vapours 
which raise the pressure, j u s t as i f there were a leak i n the system. 
Measurements have been made of the outgassing rates, under various conditions, 
of samples including neoprene and polythene tubing. Polythene was found 
to be one of the most satisfactory materials and neoprene the least 
sat isfactory. (Hayvard, 1960). 
Flexible tubing of large diameter was supported by helices of 
enamelled copper wires as part of the experimental system. 
c. GLASS. 
i 
Glass i n an excellent vacuum material - i t can be cleaned, outgassed 
in. s i t u , and sealed together without waxesj leaks are readily located and 
r e c t i f i e d ; and pumped systems can easily beyfeealed o f f . Borosilicate glass 
(Pyrex type) has an annealing temperature of 560°C. Glass i s a t a d i s -
advantage i n systems subject to s t ra in , and polythene l inks may be used. 
Polythene tubing remains f i r m l y f ixed to any material onto which i t can be 
t i g h t l y pushed. 
d. SEALS. 
Black Picien wax adheres well to glass and metal. I t I s s u f f i c i e n t l y 
y ie ld ing at 15°G to avoid cracking i n use. I t flows f r ee ly at about 80°C. 
The sof t grade of vacuum grease flows f r e e l y a t about 40°C and i s 
suitable as a lubricant f o r stopcocks. The hard grade flows f r ee ly at 
about 50°C.r I t i s ssed f o r sealing conical and f l a t j o i n t s of glass or 
metal. A wall lubricated stopcock f ree from streaks may be easily 
prepared by applying two l ines of grease down the length of the warmed 
plug fur thest from the bore. The plug i s then pressed into posi t ion without 
rota t ion u n t i l a l l thejkir i s expelled. 
Araldite XS3/H adhesive i s a cold-setting f l e x i b l e material suitable 
f o r bonding materials with d i f f e ren t coeff ic ients of expansion. The 
adhesive consists of two solvent f ree components! a medium-viscosity 
l i q u i d resin, and a low-viscosity l i q u i d hardner. 
'O ' - r i ng containing members may be used to make a pipe connection to 
any apparatus face that i s machined to a reasonably f l a t surface. 
e. HETAL-GLA3S SEALS. 
The ear l ies t seals were made i n ancient Babylon by the goldsmiths 
who fused a vitreous glaze on to gold to form enamelled ornaments. Discs 
of glass may be sealed to metal rods. I t i s not practicable to seal pyrex 
to copper on a seal of t h i s type, but tungsten to pyrex seals can be obtained 
from various lamp works. 
To f« .e V°4* I04-. 
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INTRODUCTION. 
The apparatus used f o r performing experimental work i s described and 
q u a l i t a t i v e r e s u l t s presented, i n c l u d i n g a probe c h a r a c t e r i s t i c ; 
a. DESCRIPTION OF APPARATUS. 
The main fea tures o f the apparatus which was constructed are shown i n 
f i g u r e 43. The gas i n a f a i r l y large discharge tube was pumped down to 
0.07 nuDiHg. pressure. A large tube was chosen, so t h a t the probe should be 
small r e l a t i v e to the volume o f the plasma* The power supply was obtained 
w i t h the c i r c u i t shown i n f i g u r e 44* 
A pulse was obtained from a c i r c u i t w i t h a time constant o f 80 seconds 
and was used to break down the a i r i n the tube; This pulse was obtained 
from a bank of e l e c t r o l y t i c condensers, which were charged i n p a r a l l e l and 
discharged i n se r ies . The e l e c t r o l y t i c condensers were kept on charge f o r 
days before making a ser ies o f experiments as t h i s increases t h e i r leakage 
resistance^ The charge/discharge Switch ( f i g u r e 45) was o f the mercury i n 
wax type , w i t h a polystyrene key w i t h brass f o i l contacts; 
b . QUALITATIVE RESULTS. 
The d i r e c t current discharge has been discussed i n chapter 2. A very 
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steady discharge was obtained, which sustained a p o t e n t i a l d i f f e r e n c e o f 
470 v o l t e between the e lec t rodes . With a 25 cm. gap between the e lect rodes , 
t h i s means tha t pd = 0.175 i n the u n i t s given on f i g u r e 4, page 29. Thus 
tile operat ing p o i n t (X, i n f i g u r e 4) i s j u s t on the low pressure, side o f 
the. Paschen curve minimum. 
The leakage resistance o f the whole tube was 10 ohms, which i s obviously 
s u f f i c i e n t l y h i g h . 
The main experimental problem was to f i n d steady condi t ions , and a 
discharge which f i l l e d the diameter of. the tube. This meant s u i t a b l y 
a d j u s t i n g the pulse and vacuum systems simultaneously. Measurements were 
made w i t h the c i r c u i t o f f i g u r e 46 a t the edge of the s t r i a t i o n s i n a 
discharge which took the form o f three extremely s table s t r i a t i o n s . 
Outside the stable region the pulsed discharge behaves i n a most 
complex manner, which suggests i t might be i n t e r e s t i n g to study, but t h i s 
has no bearing on probe technique. 
Attempts t o ob ta in c h a r a c t e r i s t i c s w i t h a screened c y l i n d r i c a l probe 
( t a c i t r o n ) were i n c o n c l u s i v e as steady condi t ions were not obtained. 
However, a probe c h a r a c t e r i s t i c was obtained ( f i g u r e 47) f o r a c y l i n d r i c a l 
tungsten probe. 
c. MTU RE OF STRIATIONS. 
The problems encountered i n f i n d i n g steady condi t ions aroused i n t e r e s t 
i n the phys ica l nature o f discharge s t r i a t i o n s . The nature o f the s t r i a t i o n s 
has been i n t e r p r e t e d by Pekarek and E r e j c i (1961) on the basis o f the 
product ion o f a pe r iod ic s t ruc ture i n a plasma a f t e r an aper iodic disturbance. 
The wave o f s t r a t i f i c a t i o n i n a plasma i s phenomenologically most s i m i l a r 
to the development o f the well-iknovn wave pa t t e rn on a water l e v e l a f t e r 
an aper iodic disturbance, e .g . a f t e r throwing a stone i n t o waver. The 
f o l l o w i n g three phenomena seem to be the most important f o r the phys ica l 
mechanism o f the product ion o f s t r i a t i o n s t (a ) the dependence o f tho ra te 
o f i o n i s a t i o n on the e l ec t ron temperature and hence on the e l e c t r i c f i e l d , 
(b ) the product ion o f space charges due to the d i f f e r e n t ra tes o f d i f f u s i o n 
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o f the e lec t rons and ions , ( c ) the c rea t ion o f a d d i t i o n a l e l e c t r i c f i e l d s 
due to the c rea t ion o f space charges. The chain o f processes causing 
s t r a t i f i c a t i o n o f the p o s i t i v e column and the course o f so lu t ions f o r the 
d e f l e c t i o n f rom the e q u i l i b r i u m state o f concentration, o f p o s i t i v e .ions 
( n 4 ) and a d d i t i o n a l e l e c t r i c f i e l d (e) f o r f i v e d i f f e r e n t moments o f time 
i s shown i n f i g u r e 48. T h e , s t r i a t i o n s develop on ly on the side towards the 
anode from the place where the e q u i l i b r i u m s ta te i s d i s tu rbed . The- discharge 
i n the region between the disturbance and the cathode 1B uns table . I n -
a r e a l plasma, i n f l u e n c e s . e x i s t which have not. been taken i n t o cons idera t ion 
such as f i n i t e Debye length and the. cond i t ion o f e q u a l i t y o f current through 
d i f f e r e n t cross-sect ions. 
Eocian and Kracik ( l 9 6 l ) . c a r r i e d out an experimental i n v e s t i g a t i o n i n 
argon ( p l u s heavy organic molecules) . She d i r e c t and a l t e r n a t i n g currents 
a t which the s t r i a t i o n s appeared and the vol tages across the discharge tube 
were determined as a funct ion^pressure . 
Depending on the current and pressure, the p o s i t i v e column icould be 
i n the form o f a h e l i x or a number o f separate s t r i a e . A r o t a t i n g p o s i t i v e 
column could be observed a t a c e r t a i n c r i t i c a l cu r ren t . 
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INTRODUCTION. 
The t h e o r e t i c a l discussion presents the Engel and Steenbeck (1932) 
theory f o r the use o f c y l i n d r i c a l probes, appl ies t h i s to the experimental 
work i n hand, and sets i t ' b y the side o f modern theory;- Sheath c o l l i s i o n 
theory i s presented i n the l i g h t o f the au thor ' s concept tha t the absence 
o f c o l l i s i o n s i n the sheath depends u l t i m a t e l y , i n a complex way, upon the 
percentage o f the gas molecules which are i on i sed . 
The theory o f rocket motion i s developed to f i n d how the loca t ion , o f 
the probe i s determined by the " f r e e " motion o f the rocke t . This l a s t has 
o f course no bear ing on the experimental work. 
THEORETICAL. DISCUSSION. 
A plane probe d i s tu rbs the discharge as too much charge i s removed 
from the plasma. Theories f o r cy l inde r s c o l l e c t i n g only ions o f one s ign 
(and under condi t ions such tha t the i o n f r e e path i s much greater than the 
sheath rad ius) have been obtained. The theory was put i n a convenient form 





In. fig.49 it.has. not.been possible to re.solv.e_^ z from 
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They considered f i r s t the case o f a negative c o l l e c t o r . I f the 
current i s l i m i t e d by the size o f the sheath, then eV/k? i s Tory much greater 
t han . r / r , where r i s the sheath radius and r the probe r ad ius . The i o n o s o : s 
sa tu ra t ion current i s given b y t -
I p = 4 t i r | v ^ e « 1 (2e/mi^)^ V ^ 2 / ^ g • •• Spheres 
4 
9 £ * 
. . . . . Equn. 49a. 
I « ^ 2»*k « 1 (2e /m.)^ ^ 2 / i „ r . . . Cyl inder o f 
P. ° + * .a f _ T • . a a 
i© u n i t l eng th , 
Equn. 49b, 
She f a c t o r s V K and ^ are p l o t t e d i n f i g u r e 49 f o r sheaths o f va r ious sizes 
r e l a t i v e t o the probe s ize . These equations are subject to c o r r e c t i o n f o r 
the v e l o c i t y o f a g i t a t i o n o f the ions when they en ter the sheath. I n 
p r i n c i p l e the plasma p o t e n t i a l can be found from the p o s i t i o n o f the 
i n f l e x i o n po in t i n the current -vol tage c h a r a c t e r i s t i c . 
Next they considered the case o f a p o s i t i v e c o l l e c t o r . I f the current 
i s l i m i t e d by o r b i t a l motion, then eV/kT i s very much less than V Q / T Q , tfe 
can replace I by I and m b# m . Because o f the great d i f f e r e n c e i n the 
P ©' * ©• 
masses, f o r equal currents ff and r Q are much grea ter . She question a r i s e s i 
how many e lec t rons shoot past the probe i n comet-l ike paths? 
With the n o t a t i o n o f f i g u r e 60»-
I = I x t- (see f i g u r e 50) Equn. 50. 
For small values o f eVAT and large values o f r / r . ve have 
. ' a o s 
f K « 1 + e V / k \ Equn. 51a. 
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Thus f o r a spher ical c o l l e c t o r , the space p o t e n t i a l can he found f rom the 
graph o f current against vo l t age . For not so small values o f eV/feT and 
large values o f r / r i -
. P p . 
•fc 
f„ . - 2 ( 1 + eV/k.T );/n** . . . . . Equn. 51h. 
Thus f o r a c y l i n d r i c a l c o l l e c t o r , the current squared i s p l o t t e d against 
vo l t age . (See f i g u r e 52) . 
1 
.We w i l l apply those t h e o r e t i c a l arguments to our experimental r e s u l t s , 
and then examine the- theory i n the l i g h t o f more recent work on. probe theory 
From the semilog p l o t ( f i g u r e 5 1 ) » - For a change i n current equal t o e = 
2.718, the change i n vol tage ?^ i s 9*5 v o l t s * 
• ,.' TSe-,can"writej- • , • •. . i ' t 
l /dV, = e / k r • 1*17 s 10*/* . • Hence T a- 111,000°E. 
The tangents i n t e r s e c t f o r a space p o t e n t i a l o f 128 v o l t s . 
From, the ,cu r ren t squaredeplot ( f i g u r e 52 ) , deducting the 9.5 v o l t s 
from the. i n t e r s e c t i o n vol tage (tangent w i t h vol tage a x i s ) gives a space 
p o t e n t i a l o f -128*5 v o l t s ( r e l a t i v e to the anode). 
At 128:5 v o l t s , i = 30 p amps from f i g u r e 47 thus A = 2 x 10"* amps/cm 
2 
the surface area o f the probe being n/20 cm * 
* • 
en (kT /2nm ) ^ . . . . . Equn* 52. ^e e" e' e 
Hences-
n = 2 x 10 e lec /cc . 
® 8 v a 0.5 x 10 cm/sec* 
© • 
1 = 0.53 cm. 
The f o l l o w i n g values have been assumed f o r constants?-
BI = 9 . 1 x H T 2 8 gm 
•6' 
—19 
e = 1.6 x 10 , coulombs 
k == 1.58 x 1 0 ~ 1 6 e r g / ° E . 
Modern theory a t t r i b u t e s the i o n v e l o c i t i e s to the e l e c t r i c f i e l d s through 
which they pass. Ifce presence o f an e lect rode i s responsible f o r the i o n 
current f l o w i n g to i t , by reason o f i t s in f luence , , as a boundary c o n d i t i o n , 
on the p o t e n t i a l d i s t r i b u t i o n i n the plasma. Unless a. c e r t a i n c r i t e r i o n 
i s s a t i s f i e d the probe f i e l d w i l l penetrate i n t o the plasma and modi fy 
the energy d i s t r i b u t i o n so t ha t i t i s s a t i s f i e d . Thus o r b i t a l motions o f 
the ions need not be considered since a t the sheath edge t h e i r v e l o c i t i e s 
are: almost whol ly normal to the edge. Also the f l u x o f p o s i t i v e ions i n t o 
•:",«,•• • y • . • . f ' ' 
"the'sheath i s determined by the e l e c t r o n temperature. The c o l l e c t i o n of 
p o s i t i v e ions i s 'd iscussed on page 73. 
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APPEBPIX TO CHAPTEH 9 
NOTE OB SSEATH COLLISIONS. 
The author has not seen a s a t i s f a c t o r y t h e o r e t i c a l treatment f o r the 
cond i t ion t ha t no c o l l i s i o n s occur w i t h i n the sheath. 
There v i l l be c o l l i s i o n s i n the u n i p o l a r charge sheaths unless \ Q i s 
greater than X^. 
X = 4/cnd where n i s the number o f molecules per u n i t volume 
• " . i n 
d i s the molecular diameter = 3.65 x 10 metres. 
X, = 6 9 . 0 ( T e / h e ) * 
n . ' , 
Let 1$ = 100 e ; where n i s the concentra t ion o f n e u t r a l p a r t i c l e s . 
n . + a . . . 
* •••©• 
By/ rearranging terms i t can be shown tha t there w i l l be c o l l i s i o n s i n the 
sheath unless 1% i s greater t h a n : -
7.2 x 1 0 " l S (T a ) ^ . . . . . Equn. 53. 
- e - e 
Figure 53 shows tha t between 100 and 400 kms the t y p i c a l i o n i s a t i o n l e v e l 
f a r exceeds the l i m i t i n g minimum l e v e l f o r c o l l i s i o n f r e e sheaths. I f , 
a t a less he igh t , i n s u f f i c i e n t gas molecules are ion i sed , there w i l l be 
c o l l i s i o n s i n the sheath. 
For the experimental system considered, we have 
1$ s 2; x 10"% 
L i m i t i n g i o n i s a t i o n = 0 . 1 x 10 % 
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HOTE OH,PROBE LQC&TIOH. 
This has no bearing on experimental work but i s intended to develop 
the theory of rocket motion. I t has been stated already that a l l the 
rockets of the U.S.A.F. space f l i g h t physics laboratory are free, f l i g h t , 
aerodynamically stabilized vehicles, and that after burn-out of the fuel, 
and before the vehicles re-enter the dense atmosphere, they move freely 
i n the gravitational f i e l d . There i s no evidence of gravity, but there 
i s a centrifugal acceleration f i e l d , provided by causing the vehicles to 
rotate. The motion of the rocket after burn-out i s determined by the 
linear and angular momenta i t had when the rocket motor, steering Jets, 
or aerodynamic forces ceased, i n considering the r o l l and precession of 
an unstabilized rocket, i t should be borne i n mind that the axes of 
rotation are fixed i n space, and not relative to the f l i g h t path. 
.She location of a probe i s i l l u s t r a t e d through figures 54a to 54cL 
She point to be noted i s that there i s a predictable relation between time 
and orientation. 
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A. STUDY OF RETHODS OF MEASUREMEHT OF THE ELECTRIC CHARGE OH A ROCKET 
AHD OF AHBIEHT ELECTRIC FIELDS USING PROBE TECHNIQUES. 
SECTION I I I . HETHODS OF MEASUREMENT. 
CHAPTER 10. DESIGN CRITERIA. 
1. Review of the Position of the Present Research. 
2. The E l e c t r i c Charge on a Socket. 
3. The Ambient E l e c t r i c Field: 
4. Laboratory Measurements of Space Potential. 
5. Analysis of Experimental Work - Voltage Gradients - P o s s i b i l i t i e s 
of Simulation. 
6. Measurements of Ambient Fields by Simultaneous Determinations 
of Potential. 
7. The Physics of Re-entry. 
8. D e f i n i t e Experimental Proposals. 
1. REVIEW- OF THE POSITION OF THE PRESENT RESEARCH. 
From an analysis of the available material i t seems there i s no 
lack of techniques available for the measurement of the charge: on a 
rocket,and this problem was the most important part of the vork. 
The> group at Bedford,Massachusetts,have apparently concentrated 
on the experimental side of. probe studies.Again,although the Michigan 
group have published experimental and: theoretical papers,their very 
extensive vork unfortunately does not take into f u l l consideration 
a l l the early studies made by Langmuir and the very useful reformulation 
of the theory by Engel and Steenbeck,nor the refinements due to Boyd 
working at University College,London. 
TSteacia- i t i s hoped that a report prepared from the present survey 
w i l l f i l l a gap i n the literature available for interpreting the results 
of the probe, vork carried out by the United States A i r Force. 
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2, THE ELECTRIC CHARGE 05 A ROCKET. 
The* potential, assumed by a rocket (between 0 and 10 vol t s ) has 
been determined by the following methods which have already been 
described:— 
i . Prom the signal f rom, a B.C. amplifier between, a probe and tbe tip 
of a rotating rocket. Page 82. 
i i . Proa the signal obtained with a sawtooth voltage variation between 
the vehicle surface and a grid surrounding the probe. (The theory given, 
i s for orbital speeds.) Page 84. 
i i i . From the signal obtained at maximum measured electron concentration.. 
T h i s condition i s . obtained by a sawtooth voltage- variation between, the rocket and i t s 
insulated nose cone* Page 86. 
i v . From the signal obtained upon varying tile voltage of the grid 
controlling a mass spectrometer. Page 87. 
The choice of a method must depend on. what other parameters i t i s 
required to determine.(in the present case tile ambient e l e c t r i c f i e l d i s 
also required.) 
At a geophysical discussion held by the Royal Astronomical Society 
(24th November 1961) i t was pointed out by Boyd ( l 9 6 l ) that the potential of 
a space vehicle i s not well determined,and that t h i s had recently been, 
overcome i n the United States on.Explorer 8 S a t e l l i t e s by making probe 
measurements, in.a very short time so that the potential cannot vary during 
the measurement.This needs extensive telemetry,and the B r i t i s h approach 
i s to analyse the data i n the. rocket. 
3. THE AHBlEHT ELECTRIC FIELD. 
The ambient e l e c t r i c f i e l d s experienced by a rocket have been 
measured i n the following wayes— 
i . From the signal from an A..C*. amplifier between, a probe and the tip 
of a rotating rocket. Page 82. (60 mV/lfi*) 
i i . From f i e l d meter techniques. Page 83. (200 V/m.) 
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Caleolations of the horizontal components of the e l e c t r i c f i e l d 
y i e l d a value orders of magnitude too low. (0.02 7^m tbut t h i s must be 
multiplied by the t i d a l amplification factor)* Page 55. 
Parley (1959)»for instance,has attempted to f i t the electron densities 
as determined by the: rocket exploration of the tipper atmosphere into a 
theory of e l e c t r i c fields.This must ultimately be coupled with f i e l d 
determinations,and results w i l l have to be. determined and interpreted 
using techniques such as those described by Briggs and Rishbetb ( l 9 6 l ) -
dage 47,rather than.in terms of "slab models" (Hatcliffe,1960). 
4. LABORATORY HEASOBEHEHTS OF SPACE POTENTIAL. 
The laboratory methods which have been described for determining the: 
space: potential i n a discharge are,in. order of increasing accuracy:-
i . Prom the current-voltage-temperature characteristics of a tungsten, 
filament. Page 61. 
i i . Prom the. (ill-defined) turning point i n the current-voltage 
characteristic of a plane cold probe. Page 62. 
i i i . Prone the Semilogarithmic Plot (Boltzmann* a relation breaks down). 
Page 65.The space potential may be taken as the point (A,figure 25,page 7l) a 
which the tangents to the semilogarithmic plot intersect,or -
i v . As the point on. the semilogarithmic plot of i t s departure from 
line a r i t y . 
v. From an analysis of the semilogarithmic plot and the current squared 
plot using a cylindrical probe:. Page 109. 
v i . Prom the second derivative of the probe characteristic. Page 71. 
• 
5. ANALYSIS OF EXPERIHEHTAL WBK - VOLTAGE GRADIENTS - POSSIBILITIES 
OF SIMULATION 
From the- determination of the random current to the. probe and the 
space: potential (page 109) i t would appear that the discharge current i s 
not greater than about 1 0 ^ amps, and that the free column, voltage gradient 
i s 
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i s greater than 10 7/cm.Aa. extrapolation over a pressure range of 10 
using proper variables (page 32) of the gradients (10 Y/cm - page 33) 
- J . 
for a discharge current of 10 ^amps at atmospheric pressure leads to a 
predicted gradient of: the- order of lO""1 V/cm.Tbe. very much higher gradients 
measured might be explained by the effects associated vith the striations 
which can involve gradients i n excess of. 10 ?/cm (page 32).She probe 
structure seems i n any case to have, been responsible for their presence -
page: 105). 
This does not affect the u t i l i t y of the probe characteristic as such 
although i t may v e i l represent some: kind of average1 of the potential. 
But the important point to note i s that although f i e l d measurements 
using probea are possible' in- discharges,much higher gradients exist i n 
these discharges than those uhlch are found in. the Upper Atmosphere. 
Thus to simulate i n the laboratory the measurement of e l e c t r i c f i e l d s 
the probes to be placed very near each other*and th i s would disturb 
conditions too. much.(This: method i s considered i n the next section).However 
low voltage gradients exist under A.C.. breakdown (page. 34).Bazelyan, 
Brago(and Stekolrtkov, in. a paper (1960) vhich the author has not seen, 
found a significant reduction of the mean breakdown gradients i n long 
discharge gaps with an. oblique- voltage wave.They explained t h i s by the 
short time available for building up and propagating a space charge - under 
the effect of an oblique wave or i n A-C. conditions, the zone of propagation 
of the unipolar space charge i s much smaller and independent of electrode 
spacing.So there i s some hope of simulation f o r testing this method of 
ambient f i e l d measurement* 
£ HSASUBMENTS OF AEBISHT FIELDS BY SIMULTAHEOUS DETEBMIHATI0N8 OF 
POTENTIAL. 
The: author had hoped that i t would be possible to suggest a method 
for determining the ambient e l e c t r i c f i e l d by a simultaneous determination 
of the potential on either side of a rocket.But from theoretical Btudies 
the ambient f i e l d i s predicted to be & voltsAm.and even tiien t h i s i s 
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multiplied by a tidal amplification factor of 50 the f i e l d i s only 1 ® 
mV/nuThls i s consistent with the 60 m?/m obtained i n probe experiments 
but orders of magnitude different from the result obtained with f i e l d meter 
techniques.As the probes cannot be more than 10 metres apart,it would be 
necessary to detect a potential difference of l volt.This would require 
an accuracy of 0.05 volts i n the determinations of space potential.Figure 
47 shows that an error of 5 volts i s possible i n the determination of 
space potential from the characteristic i t s e l f , s o this approach would make 
sense only i n measuring f i e l d s l i k e 200 V/m.Again,figure 47 indicates that 
an accurate determination of space potential i s possible only from a f u l l 
analysis of the characteristic.To do t h i s would make heavy demands on 
circuitry.Figure^ 25 shows that an.error of 0*1 volts may be obtained using 
the semilogarithmic plot to obtain the space potential.But the method using 
the derivative technique (figure 25) might work with a suitable development 
of a c i r c u i t of the type used by Sloane and McGregor (1934),as also might 
a complete analyis (by means of c i r c u i t r y i n the rocket i t s e l f ) of a 
spherical probe characteristic using the^Eirgel and Steenbeck (1932) method. 
Circuitry i s outside the scope of the present research,so i t i s not 
possible to give a more definite answer. . 
?>w THE PHYSICS OF RE-EHTRY. — ^ITHDRAWN 
Tttfesnrobes flown on skylark were placed 4 feet i n front of the 
rocket nose confe»and Boyd has pointed out (page 89) that i n the D region 
the probe should bewe&l,ahead of the shack wave .Apparently Benson studied 
low pees sure shock waves usrngactime Nitrogen (otherwise they are not 
v i s i b l e ) directed i n a stream GOTON^ rocket profile.At the time of writing 
t h i s the author i s studying a paper on'tehock waves about rocket nose cones 
produced by A.V.Roe. From the l e t t e r by Smidd^s^960) i t appears that 
f i e l d s of 5000 to 10,000 volts/metre are produced a*b>reentry.The author 
hopes to have something on th i s ready to include i n the report to the 
U..S«A.F. but the subject, must be omitted from the present thesfsv. 
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8. DEFI8ITE EXPEHIHEHTAL PROPOSALS. 
A Recant Development. 
Druyvesteyn (1930, Z.f.Physik 64» p.790) employed two successive 
graphical differentiations. This process can* however, lead to quite large 
errors, and Sloane and HacOregor (1934) developed a method, suggested f i r s t 
by EmeleuB, of superposing a small alternating e.m.f. on the steady probe 
potential. Eneleus reports d i f f i c u l t i e s with t h i s method caused by interaction 
of the alternating e.m.f. vith the plasma. Gas discharge plasmas are p r o l i f i c 
sources of noise and o s c i l l a t i o n s , and differentiating c i r c u i t s accentuate 
these, making double differentiation using two networks generally impossible. 
I t i s poseible,howev©r,with care,to obtain the f i r s t d i fferential coefficient 
(of the probe current signal with respect to the probe potential applied i n a 
time dependent manner) by this method and then to use graphical differentiation 
once only vtihich reduces labour and error eonsidorably.Plasma o s c i l l a t i o n s 
may be so bad as to render the oscilloscope trace unintelligible,but at the 
same time any other method available w i l l be no more meaningful. (Smithere, 
1962, "Electron Energy Distributions i n Gas Dischargee n,J.Sci.Instrum. p.21.) 
Author's Recommendations. 
At the present state of t h i s vork any proposals are essentially of 
a very tentative nature. The material quoted i n the preceding paragraph only 
enhances the author*s opinion that attempts at laboratory simulation should 
be discontinued i n favour of building equipment which can be flown - a "suck 
i t and see** approach. This seems the only basis for determining whether the 
proposed method for studying ambient f i e l d s - simultaneous determinations of 
space potential at two points - i s or i s not p r a c t i c a l . I t has the following 
merits. 
i . The technique proposed i s a familiar one i n space experimentation, so 
there i s no need to make a design study apart from the development of nev 
c i r c u i t r y . 
i i . Even i f no information i s obtained about ambient f i e l d s , the t r i a l 
would not be a waste of money, as i t should be quite easy to arrange matters 
so as to obtain the information normally available from rocket-borne probes. 
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I t i s not necessary to discuss the relative merits of the proposed device 
and existing methdds for f i e l d study because of the general agreement i n 
space research that i t i s extremely desirable to measure given space parameters 
by more than one.technique. 
( i t must be borne i n mind that the results of a par a l l e l study at the U.S.A.F. 
laboratories are not available at the time of writing,which circumstance 
malices the above remarks even mors tentative.) 
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The author has been pleased to attempt the task of introducing a 
new branch of atmospheric e l e c t r i c i t y research' i n the department where t h i s 
work has bean undertaken. To show that i t i s not outside the proper scope of 
atmospheric electricity,the following quotation i s given from, the introductory 
remarks to the proceedings of the second conference on atmospheric e l e c t r i c i t y 
(Hew. Hampshire, 1958){— Technology i s now pressing so rapidly af t e r fundamental 
knowledge that we are being urged to answer practical questions t&ich are at 
the same time fundamental. The problems of ionic drag on s a t e l l i t e vehicles} 
ionic propulsion of space vehicles,space-charging of space vehicles as a result 
of solar radiations these and many other similar problems are of immediate 
and practical interest,and our science i s being taxed for answers. I n the very 
near future we w i l l have to answer a multitude of questions about e l e c t r i c a l 
f i e l d s i n Bpace and i n the atmosphere of the other planets. The c l a s s i c a l 
f i e l d s of inquiry i n the e l e c t r i c i t y of the t e r r e s t r i a l atmosphere,in cloud 
physics and weather modification remain an essential part of geophysics. 
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BOTE*-
The author has been unable to include reference to any work which had 
not come to h i s notice by the end of 1961. 
NOTE*-
Reference 44 has been placed under K rather than Tj The author of the 
paper concerned i s c o r r e c t l y s t y l e d "Kelvin, of Largs, .William Thomson, 1st 
Baron". The procedure adopted i s admittedly questionable since the peerage 
came ten years l a t e r than the paper r e f e r r e d to, i n reference 44. William 
Thomson l i v e d from 1824 to 1907. 
NOTE:-
p. 118. "suck i t and see"^ The author admits h i s diffidence to t h i s 
p r i n c i p l e to c o l l o q u i a l forms'in a t h e s i s . 
